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Abstract 
 
In plants, cytoplasmic immune receptors known as resistance proteins contain nucleotide-
binding and leucine-rich repeat domains and resemble mammalian NOD (nucleotide-
binding and oligomerization domain)–like receptors (NLRs). During infection, recognition of 
the corresponding pathogen effectors by plant NLRs activates effector-triggered immunity 
(ETI). The ETI response is usually associated with programmed cell death (the 
hypersensitive response (HR)) and defense gene induction. Many plant NLRs carry an N-
terminal Toll/interleukin-1 receptor (TIR) domain that functions in signaling. The TIR 
domains of some plant NLRs have been shown to trigger HR in an effector-independent 
manner when overexpressed in plant. 
In certain cases, plant immunity requires the presence of two NLRs. In Arabidopsis 
thaliana, both NLRs RPS4 and RRS1 are required to confer resistance against three 
distinct pathogens. The RPS4 TIR domain and the RRS1 TIR domain interact with each 
other and also self-associate. Crystal structures reveal that the two TIR domains share a 
conserved interface for heterodimerization and homodimerization. Disruption of the TIR-
TIR interface with mutations in the full-length context of RPS4 and RRS1 prevents 
effector-triggered HR. The RPS4 TIR domain is auto-active and induces effector-
independent HR, which is inhibited by the presence of the RRS1 TIR domain. Mutations in 
the conserved interface prevent the autoactivity of the RPS4 TIR domain, while mutations 
in the RRS1 TIR domain interface abolish its inhibition of the RPS4 TIR domain 
autoactivity. These results suggest that heterodimerization of the TIR domains in the 
context of full-length RPS4 and RRS1 is required to maintain the RPS4-RRS1 complex in 
a proper state for effector recognition. The ensuing conformational change after effector 
recognition may release the RPS4 TIR domain from interacting with the RRS1 TIR domain 
and allow the RPS4 TIR domain to homodimerize and initiate the signalling. In this thesis, 
the RRS1 TIR domain was purified and crystallized, and its crystal structure was 
determined to help design mutations to affect its heterodimeriztion with the RPS4 TIR 
domain. These results are described in chapters 2 and 3. 
Flax-rust fungus (Melampsora lini) secretes the effector protein AvrL567 into flax (Linum 
usitatissimum) cells during infection. There are 12 genetic variants of AvrL567 and some 
can be recognized by flax NLRs L5, L6 or L7 to trigger ETI. Currently, the function of 
AvrL567 during flax rust infection is unknown. AvrL567-A was identified to physically 
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interact with the flax cytokinin oxidase LuCKX1.1. Compared with the wide-type plants, the 
transgenic flax plants that overexpress AvrL567-A adopt a dwarfed phenotype with larger 
root systems, indicating imbalanced cytokinin levels in vivo. Cytokinins are a class of plant 
hormones that regulate cell division, plant development and plant immunity. Cytokinin 
oxidases catalyse the irreversible degradation of cytokinins. Pathogen infections have 
been shown to manipulate plant cytokinin levels to promote pathogen virulence. In this 
thesis, the LuCKX1.1 protein was purified and crystallized, and its crystal structure was 
determined. End-point assays were performed to investigate the substrate specificities of 
LuCKX1.1. Kinetic assays revealed that the enzyme activity of LuCKX1.1 increases in the 
presence of AvrL567-A. Utilizing the structure of LuCKX1.1 and previously determined 
AvrL567-A and AvrL567-D structures, docking studies were performed to investigate the 
interaction interface and suggested that AvrL567-A binds in the vicinity of the opening of 
LuCKX1.1 substrate channel to modulate the enzyme activity. These results are described 
in chapters 4 and 5.  
Plant NLRs detect pathogen effectors either by physical interaction or by monitoring 
intracellular perturbations caused by effectors. The LRR domain of plant NLRs represents 
the most polymorphic domain and is suggested to confer effector recognition specificity. At 
present, no structure of the LRR domain from a plant NLR has been reported yet. This is a 
likely result of reported difficulties in obtaining high-quality proteins of full-length plant 
NLRs and their LRR domains. To overcome the barriers in the purification of plant NLR 
LRR domains, a LRR hybrid strategy involving fusion of LRR modules from internalin A, a 
bacterial LRR-containing protein, was investigated and found to greatly improve the 
expression of plant NLR LRR domains in the E. coli system. In the study, the LRR 
domains from flax NLRs L6 and L8 were investigated using the LRR hybrid strategy. 
Soluble hybrid proteins of the two NLRs have been obtained. The LRR hybrids of L6 that 
contained 26 and 12 predicted LRR modules expressed poorly and were purified with poor 
purity and with a tendency to aggregate. The LRR hybrids of L6 and L8 that contained 6 
and 8 predicted LRR modules, respectively, expressed well and were purified in good 
solubility and with much less impurities. The L6 and L8 LRR hybrids predominantly formed 
oligomers with a small fraction of the proteins migrating as expected for monomers. One 
single-residue mutation in the L8 LRR hybrid was identified to force the protein into 
monomeric species. These results are described in chapter 6. 
 
 IV 
Declaration by author 
 
This thesis is composed of my original work, and contains no material previously published 
or written by another person except where due reference has been made in the text. I 
have clearly stated the contribution by others to jointly-authored works that I have included 
in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional 
editorial advice, and any other original research work used or reported in my thesis. The 
content of my thesis is the result of work I have carried out since the commencement of 
my research higher degree candidature and does not include a substantial part of work 
that has been submitted to qualify for the award of any other degree or diploma in any 
university or other tertiary institution. I have clearly stated which parts of my thesis, if any, 
have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University 
Library and, subject to the General Award Rules of The University of Queensland, 
immediately made available for research and study in accordance with the Copyright Act 
1968. 
 
I acknowledge that copyright of all material contained in my thesis resides with the 
copyright holder(s) of that material. Where appropriate I have obtained copyright 
permission from the copyright holder to reproduce material in this thesis. 
 
 V 
Publications during candidature 
 
 
Wan, L.*, Zhang, X.*, Williams, S.J.*, Ve, T., Bernoux, M., Sohn, K.H., Jones, J.D., Dodds, 
P.N., and Kobe, B. (2013). Crystallization and preliminary X-ray diffraction analyses of the 
TIR domains of three TIR-NB-LRR proteins that are involved in disease resistance in 
Arabidopsis thaliana. Acta Crystallographica Section F, Structural Biology and 
Crystallization Communications 69, 1275-1280. 
 
Williams, S.J.*, Sohn, K.H.*, Wan, L.*, Bernoux, M.*, Sarris, P.F., Segonzac, C., Ve, T., 
Ma, Y., Saucet, S.B., Ericsson, D.J., Casey, L.W., Lonhienne, T., Winzor D.J., Zhang, X., 
Coerdt, A., Parker J.E., Dodds P.N., Kobe, B., Jones, J.D.G. (2014). Structural basis for 
assembly and function of a heterodimeric plant immune receptor. Science 344, 299-303. 
 
Wan, L., Williams, S.J., Zhang, X., Ericsson, D.J., Koeck, M., Dodds, P.N., Ellis, J.G., and 
Kobe, B. (2013). Crystallization and preliminary X-ray diffraction analysis of the flax 
cytokinin oxidase LuCKX1.1. Acta Crystallographica Section F, Structural Biology and 
Crystallization Communications 69, 1094-1096. 
 
 
* Contributed equally to this work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 VI 
Publications included in this thesis 
 
 
From: 
 
Wan, L.*, Zhang, X.*, Williams, S.J.*, Ve, T., Bernoux, M., Sohn, K.H., Jones, J.D., Dodds, 
P.N., and Kobe, B. (2013). Crystallization and preliminary X-ray diffraction analyses of the 
TIR domains of three TIR-NB-LRR proteins that are involved in disease resistance in 
Arabidopsis thaliana. Acta Crystallographica Section F, Structural Biology and 
Crystallization Communications 69, 1275-1280. 
 
* Contributed equally to this work 
 
Incorporated as Chapter 2 
 
 
Contributor Statement of contribution 
Author Li Wan (Candidate) Designed and performed experiments (40%) 
Wrote the paper (40%) 
Author Xiaoxiao Zhang Designed and performed experiments (30%) 
Wrote the paper (30%) 
Author Simon J. Williams Designed and performed experiments (30%) 
Wrote the paper (30%) 
Authors Thomas Ve, Maud Bernoux, Kee 
H. Sohn, Jonathan D. G. Jones, and 
Peter N. Dodds 
Critically reviewed the paper 
Author Bostjan Kobe Refined the manuscript 
 
 
 
 
 
 
 
 
 
 VII 
From: 
 
Williams, S.J.*, Sohn, K.H.*, Wan, L.*, Bernoux, M.*, Sarris, P.F., Segonzac, C., Ve, T., 
Ma, Y., Saucet, S.B., Ericsson, D.J., Casey, L.W., Lonhienne, T., Winzor D.J., Zhang, X., 
Coerdt, A., Parker J.E., Dodds P.N., Kobe, B., Jones, J.D.G. (2014). Structural basis for 
assembly and function of a heterodimeric plant immune receptor. Science 344, 299-303. 
 
* Contributed equally to this work 
 
Incorporated as Chapter 3 
 
 
Contributor Statement of contribution 
Author Li Wan (Candidate) Designed and performed experiments (20%) 
Wrote the paper (15%) 
Author Simon J. Williams Designed and performed experiments (30%) 
Wrote the paper (30%) 
Author Kee H. Sohn Designed and performed experiments (30%) 
Wrote the paper (20%) 
Author Maud Bernoux Designed and performed experiments (20%) 
Wrote the paper (15%) 
Authors Panagiotis F. Sarris, Cecile 
Segonzac, Yan Ma and Simon B. Saucet 
Helped Kee H. Sohn with in-planta assays 
Authors Thomas Ve and Daniel J. 
Ericsson 
Helped with crystallography 
Author Lachlan W. Casey Analyzed the SAXS data 
Author Thierry Lonhienne  Analyzed the ITC data 
Author Donald J. Winzor Analyzed the AUC data 
Author Xiaoxiao Zhang Helped with the cloning  
Author Anne Coerdt Helped Maud Bernoux with the Y2H assays 
Authors Peter N. Dodds and Jane E. 
Parker  
Critically reviewed the paper 
Author Bostjan Kobe  Wrote the paper (10%) 
Author Jonathan D. G. Jones Wrote the paper (10%) 
 
 VIII 
From: 
 
Wan, L., Williams, S.J., Zhang, X., Ericsson, D.J., Koeck, M., Dodds, P.N., Ellis, J.G., and 
Kobe, B. (2013). Crystallization and preliminary X-ray diffraction analysis of the flax 
cytokinin oxidase LuCKX1.1. Acta Crystallographica Section F, Structural Biology and 
Crystallization Communications 69, 1094-1096. 
 
Incorporated as Chapter 4 
 
 
Contributor Statement of contribution 
Author Li Wan (Candidate) Designed and performed experiments (95%) 
Wrote the paper (80%) 
Author Simon J. Williams Designed and performed experiments (5%) 
Wrote the paper (10%) 
Author Daniel J. Ericsson Helped with X-ray diffraction data collection 
Authors Jeff Ellis, Markus Koeck, Peter 
N. Dodds and Xiaoxiao Zhang 
Critically reviewed the paper 
Author Bostjan Kobe Wrote and edited the paper (10%) 
 
 
 
Contributions by others to the thesis  
 
Contributions by others to the publications incorporated into this thesis are described 
above. For the remainder of the work, Professor Bostjan Kobe and Dr Simon J. Williams 
contributed to the conception and design of the project and critical revision of the written 
work. 
 
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None  
 IX 
Acknowledgements 
 
 
I would like to thank my supervisors Professor Bostjan Kobe, Dr. Simon Williams and 
Professor Peer Schenk for their support and encouragement throughout my PhD. They 
were great mentors, allowed me to freely pursue my research interests, were always at 
hand when I had questions and helped proof‐reading this thesis. 
 
Thank you to all the people in Kobe group for making this difficult task a little easier. In 
particular I’d like to thank Daniel Ericsson and Chiung-Wen Chang for helpful discussions 
and suggestions on crystallography questions, Thomas Ve and Xiaoxiao Zhang for 
discussions on the plant disease resistance projects, and Mohammed Abdullah Alaidarous 
for being a great companion in the lab. I also want to thank UQ ROCX and Australian 
Synchrotron for providing excellent facilities. I’d like to thank our collaborators Jeff Ellis, 
Peter Dodds, Markus Koeck and Maud Bernoux from Plant Industry, CSIRO, Canberra, 
and Jonathan Jones and Kee Sohn from Sainsbury Laboratory, UK for their functional 
assays in plants to complement my structure work. 
 
Finally I’d like to thank the Chinese government and UQ for funding my study. I really want 
to thank my parents, my family and Li Liu for their support through all the hard time. I will 
always be grateful for that. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 X 
Keywords 
 
plant innate immunity, TIR domain, hypertensive response, disease resistance, effector, 
effector recognition, cytokinin oxidase, pathogen virulence, LRR domain, LRR hybrid  
 
 
 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 060112 Structural Biology, 80% 
 
ANZSRC code: 060107 Enzymes, 10%  
 
ANZSRC code: 060109 Proteomics and Intermolecular Interactions, 10% 
 
 
 
 
 
Fields of Research (FoR) Classification 
 
FoR code: 0601, Biochemistry and Cell Biology, 90% 
 
FoR code: 0699, Other Biological Sciences, 10% 
 
 XI 
Table of contents 
 
Chapter 1 Introduction…………………………………………………………………………...1 
    1.1 Plant diseases and crop threats……………………………………………….……….…2 
    1.2 Overview of the plant immune system…………………………………………...…….…3 
          1.2.1 PAMP-triggered immunity…………………………………………………………...4 
          1.2.2 Effector- triggered immunity…………………………………………………………5 
          1.2.3 Systemic acquired resistance……………………………………………………….5 
    1.3 Plant NLRs…………………..……………..…………………………..……....………...…6 
          1.3.1 Domain architecture of plant NLRs…………………………………………………6 
          1.3.2 Subcellular localization of plant NLRs……………………………….…………….8 
    1.4 Plant NLR– effector recognition…………………………………………………………...9 
    1.5 Activation and signalling of plant NLRs…………………………………………………11 
    1.6 Dual resistance systems……………………………….…………………………………13 
    1.7 Function of effector proteins……………………………………………………………...14 
    1.8 Cytokinins and plant immunity………………………………..………………………….16 
          1.8.1 Cytokinins……………………………………………………………………..……..16 
          1.8.2 Cytokinin oxidases………………………………..………………………………...17 
          1.8.3 The effect of cytokinins on plant immunity……………………………………….18 
     1.9 Research aims and significance………………………………………………………...19 
     1.10 References……………………………………………………………………………….20 
Chapter 2 Crystallization and X-ray diffraction analysis of RRS1 TIR domain…....…31 
      2.1 Introduction……………………………………………………………………………….32 
      2.2 Declaration on authorship………………………………………………….……………34 
       
 XII 
      2.3 Published peer-reviewed article………………………………………………………..34 
   “ Crystallization and preliminary X-ray diffraction analyses of the TIR domains of three    
TIR-NB-LRR proteins that are involved in disease resistance in Arabidopsis thaliana” 
      2.4 References………………………………………………………………………………..35 
Chapter 3 Structural basis of the RRS1/RPS4 TIR-TIR domain interaction ………….42  
      3.1 Introduction……………………………………………………………………………….43 
      3.2 Declaration on authorship………………………………………………………………43 
      3.3 Published peer-reviewed article…………………………………………….………….44 
       “Structural basis for assembly and function of a heterodimeric plant immune receptor” 
      3.4 References…………………………………………………………………….………...45 
Chapter 4 Crystallization and X-ray diffraction analysis of LuCKX1.1…….….……...85 
      4.1 Introduction……………………………………………………………………….……...86 
      4.2 Declaration on authorship……………………………………………………………...87 
      4.3 Published peer-reviewed article……………………………………………………….87 
            “Crystallization and preliminary X-ray diffraction 
              analysis of the flax cytokinin oxidase LuCKX1.1” 
      4.4 References……………………………………………………………………………….88 
Chapter 5 Molecular basis of the LuCKX1.1-AvrL567-A interaction…………………..92 
      5.1 Introduction……………………………………………………………………………....93 
      5.2 Materials and Methods………………………………………………………………….95 
            5.2.1 Protein expression and purification……………………………………………..95 
            5.2.2 Analytical gel-filtration assay on the LuCKX1.1-AvrL567-A interaction……..95 
            5.2.3 End-point assays and kinetic assays……………………………………………96 
            5.2.4 Structure determination of LuCKX1.1…………………………………………...97 
       5.3 Results……………………………………………………………………………………97 
            5.3.1 Crystal structure of LuCKX1.1…………………….……..………………………97 
 XIII 
            5.3.2 Interaction studies between LuCKX1.1 and AvrL567-A…………...…………99 
            5.3.3 Fungal effector AvrL567-A affects LuCKX1.1 enzyme activity…….….……100 
            5.3.4 Docking studies of the LuCKX1.1-AvrL567-A interaction……………..........105 
        5.4 Summary……………………………………………………………………………….108 
        5.5 References…………………………………………………………………………….110 
Chapter 6 Hybrid design and protein production of the flax NLR LRR domains…..114 
        6.1 Introduction…………………………………………………………………………….115 
        6.2 Methods…………………………………………………………………………..……118 
              6.2.1 Overlap PCR and ligation-independent cloning…………………………….118 
              6.2.2 Protein expression and purification…………………………………………..118 
        6.3 Results…………………………………………………………………………………119 
              6.3.1 Hybrid design…………..……………………………………………………….119 
              6.3.2 Purification of hybrid proteins…………………………………………………120 
        6.4 Summary………………………………………………………………………………128 
        6.5 References…………………………………………………………………………….130 
Chapter 7 Conclusions and future directions…………………………………………….131 
        7.1 Overview……………………………………………………………………………….132 
        7.2 Plant CKXs and the virulence function of the fungal effector AvrL567-A..……...134 
              7.2.1 Structures and enzyme activities of plant CKXs…………………………….134 
              7.2.2 Plant CKXs and plant morphology……………………………………………135 
              7.2.3 Manipulation of cytokinins by pathogen infections………………………….136 
              7.2.4 Structural basis of LuCKX1.1-AvrL567 interaction………………………….137 
        7.3 Oligomerization analyses of flax NLR LRR domains…..………………………….138 
        7.4 Signalling by the TIR domain of plant NLR.…………….…………..………..…….139 
               7.4.1 Conserved dimerization interface in the plant TIR domains……………….139 
              7.4.2 Auto-inhibition of singling by the TIR domains in plant NLRs…….……….140 
 XIV 
              7.4.3 Analyses of the TIR domains of paired NLRs in Arabidopsis……………..141 
        7.5 Analyses of the TIR domains of paired NLRs in Arabidopsis……………….…...143 
        7.6 References…………………………………………………………………………….146 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 XV 
List of figures and tables 
 
Figure 1.1 Plant innate immune system……………………………………………..…………..4 
Figure 1.2 Crystal structures of NLRs………..…………...........................……………………7 
Figure 1.3 Activation model of the TNL-class of plant NLRs…………………………………13 
Figure 2.1 Sequence alignments of plant TIR domains………………………………………33 
Figure 2.2 Crystals of RRS1 TIR domain………………………………………………………33 
Figure 4.1 LuCKX1.1 crystals……………………………………………………………………86 
Figure 5.1 Cartoon representation of LuCKX1.1 structure………………………………...…99 
Figure 5.2 Analytical gel-filtration analysis of the LuCKX1.1-AvrL567-A interaction…….100 
Figure 5.3 Molecular structural formulae of 2iP, tZ, BA and kinetin……………………….101 
Figure 5.4 CKX-mediated oxidation of the cyotokinin 2iP…………………….…………….101 
Figure 5.5 Endpoint assays with DCPIP as the electron acceptor at pH 6.5……………..102 
Figure 5.6 Endpoint assays with Q0 as the electron acceptor at pH 5.0………………….103 
Figure 5.7 DCPIP-bleaching assays of the substrate specificities of LuCKX1.1…………103 
Figure 5.8 The effect of pH on LuCKX1.1 activity in the presence of 2iP and DCPIP…..104 
Figure 5.9 Kinetic assays on LuCKX1.1 represented as Michaelis-Menten plots………..105 
Figure 5.10 Representation of LuCKX1.1 structure highlighting the iA1.1 region………..106 
Figure 5.11 Sequence alignments of interacting and non-interacting AvrL567 variants...107 
Figure 5.12 Docking studies of the AvrL567-LuCKX1.1 interaction……………………….108 
Figure 6.1 LRR hybrid strategy to fuse the TLR and VLR fragments……………………...116 
Figure 6.2 Structure of InlA and sequence alignments of InlA LRR modules………….....116 
Figure 6.3 Sequence alignments of the predicted LRR modules in L6 and L8……….….117 
Figure 6.4 Principles of InlA-NLR hybrids design……………………...…………….………119 
Figure 6.5 Gel-filtration chromatography of InlA……….…………………………….………121 
Figure 6.6 Purification results of the hybrid protein L6H1……………………………….….122 
 XVI 
Figure 6.7 SDS-PAGE analysis of the purification of L6H2 and L6H3.…..…………….…123 
Figure 6.8 SDS-PAGE analysis of the purification of L8H1 and L8H2……….….….…….125 
Figure 6.9 Gel-filtration chromatography of L8H1 and L8H2 proteins………….………….125 
Figure 6.10 Similar TEV protease recognition motif in the L6 and L8 LRR domains…….126 
Figure 6.11 Gel-filtration chromatography of L8H1-Q758A and L8H2-Q758A proteins…126 
Figure 6.12 SDS-PAGE analysis of L8H2-Q758A protein after gel-filtration………….….127 
Figure 7.1 Sequence alignments of LuCKX1.1 and AtCKX7 in surface 1 and 2 regions.138 
Figure 7.2 Conserved NLR-gene pairs in the Arabidopsis genome…………………....….142 
Figure 7.3 Sequence alignments of RPS4-like TIR domains in Arabidopsis NLR-pairs...143 
Figure 7.4 Sequence alignments of RRS1-like TIR domains in Arabidopsis NLR-pairs...143 
 
 
Table 5.1 Refinement statistics of LuCKX1.1 structure………………………………………98 
Table 6.1 List of hybrids generated with different truncations of InlA and L6 or L8……...120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 XVII 
List of abbreviations 
2iP: 2-isopentenyladenine 
AtCERK1: Arabidopsis chitin elicitor receptor kinase 1 
ASA: accessible surface area 
AHK: histidine kinases 
BSA: buried surface area 
BA: 6-benzylaminopurine 
BAK1: brassinosteroid insensitive 1-associated kinase 1 
CC domain: coiled-coil domain 
CKX: cytokinin oxidase 
CNL: CC-NB-LRR 
cZ: cis-zeatin 
DCPIP: 2,6-dichlorophenolindophenol 
ETI: effector-triggered immunity 
ETS: effector-triggered susceptibility 
ECD: ectodomain 
ET: ethylene  
FAD: flavin adenine dinucleotide 
FLS2: flagellin-sensitive 2 
GF: gel filtration 
GST: glutathione S-transferase 
GFP: green fluorescent protein 
HA: hemagglutinin 
HR: hypersensitive response 
IPT: isopentenyl transferase 
InlA: internalin A 
InlB: internalin B 
ITC: isothermal titration calorimetry 
LysM: lysine motif 
JA: jasmonic acid 
LRR: leucine-rich repeat 
MALS: multi angle light scattering 
MR: molecular replacement  
NB domain: nucleotide-binding domain 
 XVIII 
NB-ARC: nucleotide-binding adaptor shared by Apaf-1, resistance proteins, and CED-4 
NES: nuclear export signal  
NLS: nuclear localization signal 
NLR: NOD-like receptor 
NOD: nucleotide-binding and oligomerization domain 
PAMP: pathogen associated molecular pattern 
PRR: pattern recognition receptor 
Q0: 2,3-dimethoxy-5-methyl-1, 4-benzoquinone 
R protein: resistance protein 
RPS4: resistance to Pseudomonas syringae 4 
RRS1: resistance to Ralstonia solanacearum 1 
RLKs: receptor-like kinases 
SA: salicylic acid  
SAD: single‐wavelength anomalous diffraction 
SAR: systemic acquired resistance 
SAXS: small angle X-ray scattering 
SEC: size exclusion chromatography 
STAND: signal transduction ATPase with numerous domains 
SNC1: suppressor of npr1-1, constitutive 1 
TCA: trichloroacetic acid 
TIR domain: Toll/interleukin-1 receptor domain 
TEV: tobacco etch virus 
TNL: TIR-NB-LRR 
TLRs: Toll-like receptors 
TPR1: Topless-related 1 
PTI: PAMPs-triggered immunity 
TTSS: type-three secretion system 
PM: plasma membrane 
tZ: trans-zeatin 
TLR: toll-like receptor 
VLR: variable lymphocyte receptor 
RMSD: root mean square deviation 
VLRs: variable lymphocyte receptors 
WHD: winged-helix domain 
 
 
 
 
 
 
 
 
 
Chapter 1 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I.	  Introduction	  	  
	   2	  
1.1 Plant diseases and crop threats 
Plant diseases have been estimated to cause 10% reduction of global crop production 
annually (Popp and Hantos, 2011). The big loss of crop yield can be attributed to pathogens 
developing increased resistance to fungicides/pesticides and reduced use of anti-microbe 
chemicals due to environmental concerns, as well as emerging diseases. For example, a new 
wheat stem rust strain called Ug99 emerged in East Africa and Middle East, and caused 
devastating wheat disease and dramatic wheat losses (Singh, 2008). Another wheat stripe 
rust race emerged in Australia and the wheat was completely susceptible, which resulted in 
consumption of fungicides worth of $100M (Murray and Brennan, 2009). 
Conventionally, to combat plant diseases, agrichemicals such as pesticides and fungicides 
are applied in great amounts for disease control. However, due to developing resistance of 
pests and pathogens and environmental pollution caused, agrichemicals do not provide a 
sustainable control of plant diseases. In the early 1990s, genetically modified  (GM) crops 
expressing antimicrobial and insect-killing toxins were cultivated. These approaches 
minimized substantial crop losses. The transgenic toxin-containing crops still failed to 
overcome the evolution of insect and pathogen resistance against toxins.  
In order to come up with a sustainable, eco-friendly and effective way of combating plant 
diseases, researchers are trying to understand the plant-microbe interactions and the 
mechanisms of plant natural defenses. Better understanding the plant immune system and 
the specific resistance against specific pathogen races would promise development of crops 
with broad-spectrum resistance against multiple pathogens. 
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1.2 Overview of the plant immune system 
Plants are constantly exposed to risks from a wide range of microbial pathogens. Without an 
adaptive immune system as animals, plants rely on individual cells to detect and fight against 
invading pathogens for disease prevention (Nurnberger et al., 2004; Spoel and Dong, 2012). 
During infection, pathogens secrete conserved microbial features such as chitin, flagellin and 
lipopolysaccharides into the extracellular space of plant cells. The conserved microbial 
features are also known as pathogen-associated molecular patterns (PAMPs)), which can be 
recognized by plant cell surface pattern recognition receptors (PRRs) and activate PAMP-
triggered immunity (PTI). Bacterial pathogens deliver effectors into plant cells through type-
three secretion system (TTSS), whereas biotrophic fungi and oomycetes deliver effectors 
through a specialized feeding membrane structure called haustoria using an unknown 
mechanism (Figure 1.1). The necrotrophic fungi lack haustoria and appear to directly secrete 
necrotrophic effector without any noticeable feeding structures during infection (Levesque et 
al., 2010; Wang et al., 2014). The pathogen effectors often suppress PTI response to facilitate 
pathogen infection and result in disease susceptibility. However, plants expressing resistance 
(R) proteins can recognize cognate effector proteins to initiate effector-triggered immunity 
(ETI). Recognition of effectors by R proteins can happen via direct interaction, known as the 
ligand-receptor mode. Alternatively, an effector can trigger modifications of its host cellular 
target (or a molecular decoy of that target), and activate the cognate R protein associated 
with the target or decoy (Figure 1.1) (Chisholm et al., 2006; Dodds and Rathjen, 2010; Jones 
and Dangl, 2006). PTI and ETI occur locally at the pathogen infection sites. Activation of ETI 
could lead to systemic resistance across the whole plant, which is termed as systemic 
acquired resistance (SAR) (Fu and Dong, 2013; Spoel and Dong, 2012). 
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Figure 1.1 Plant innate immune system. This innate immune system consists of two 
interconnected layers known as PAMP-triggered immunity (PTI) and effector-triggered 
immunity (ETI). The figure is adapted from (Dodds and Rathjen, 2010). 
 
 
1.2.1 PAMP-triggered immunity 
PTI represents the first layer of plant innate immune response and is initiated upon 
recognition of conserved microbial features by plant cell-surface receptors called pattern 
recognition receptors (PRRs) (Figure 1.1) (Spoel and Dong, 2012). The best-studied class of 
plant PRRs is the receptor-like kinases (RLKs), which features an ectodomain involved in 
PAMP recognition, and an intracellular kinase domain involved in downstream signaling (Wu 
and Zhou, 2013). Several PRRs have been identified, and two of most well studied PRRs are 
chitin elicitor receptor kinase 1 of Arabidopsis (AtCERK1) and flagellin elicitor receptor kinase 
of Arabidopsis flagellin-sensitive 2 (FLS2). AtCERK1 recognizes chitin through its lysine motif 
(LysM)-containing ectodomain (AtCERK1-ECD) to activate immune response (Petutschnig et 
al., 2010). Crystal structure of AtCERK1-ECD in complex with a chitin pentamer revealed that 
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a LysM and three chitin residues mediate the interaction and chitin induced dimerization of 
AtCERK1 is required for AtCERK1 activation (Liu et al., 2012). Flg22, the highly conserved N-
terminal domain of flagellin, binds FLS2 and induces its heterodimerization with 
BRASSINOSTEROID INSENSITIVE 1-associated kinase 1 (BAK1) to activate immune 
response (Chinchilla et al., 2007). The crystal structure of FLS2 and BAK1 ectodomains in 
complex with flg22 provides the molecular details of flg22-induced heterodimerization of FLS2 
and BAK1 for defense activation (Sun et al., 2013). Activation of PTI often leads to production 
of reactive oxygen species, induction of pathogen-responsive genes, and deposition of 
callose to reinforce the cell wall at sites of infection, all of which contribute to the restriction of 
microbial growth (Wu and Zhou, 2013).  
 
 
1.2.2 Effector- triggered immunity 
Adapted pathogens have in response evolved to deliver small effector proteins to suppress 
PTI or promote pathogen virulence for pathogenesis. This results in effector-triggered 
susceptibility (ETS) (Dou and Zhou, 2012). However, plants have developed 
countermeasures again by evolving resistance genes that respond specifically to pathogens 
carrying particular effector genes. This result in effector- triggered immunity (ETI; historically 
known as the gene-for-gene resistance) (Dangl and Jones, 2001). ETI is mediated by plant 
resistance (R) proteins that either directly or indirectly perceive pathogen effectors (Figure 
1.1), which often leads to hypersensitive response (HR) – a localized programed cell death at 
the infection sites for restriction of pathogen growth (Dodds and Rathjen, 2010). This forms 
the second layer of plant innate immunity. 
 
 
1.2.3 Systemic acquired resistance 
Systemic acquired resistance (SAR) is an induced immune response across the whole plant 
after ETI response against local infections. SAR confers broad-spectrum resistance against 
pathogens, with no specificity to the pathogen that caused the initial infection. SAR features 
accumulation and mobilization of the plant hormone salicylic acid (SA) as a defense signal 
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across the plant. Activation of SAR induces expression of pathogenesis-related proteins with 
antimicrobial activities and induction of immune-related genes to establish immune memory, 
which confers resistance against ensuing infections for weeks or even months (Fu and Dong, 
2013; Spoel and Dong, 2012). SAR can even be passed on to progenies through epigenetic 
regulation (Fu and Dong, 2013).  
 
 
1.3 Plant NLRs 
1.3.1 Domain architecture of plant NLRs 
The majority of known R genes encode an extremely polymorphic superfamily of cytoplasmic 
immune receptors that resemble mammalian NOD (nucleotide-binding and oligomerization 
domain)-like receptors (NLRs) (Dangl et al., 2013). Plant NLR proteins usually contain a 
central NB-ARC domain (nucleotide-binding adaptor shared by Apaf-1, resistance proteins, 
and CED-4) (van der Biezen and Jones, 1998) and a C-terminal leucine-rich repeat (LRR) 
domain (Figure 1.1A). The combination of NB domain and ARC domain is termed as NBS 
domain. One hundred and fifty one NLR genes have been identified in Arabidopsis (Jacob et 
al., 2013). These NLRs belong to the signal transduction ATPases with numerous domains 
(STAND) superfamily (Danot et al., 2009; Leipe et al., 2004). In the NB domain of plant NLRs, 
important motifs including the P-loop motif and MHD motif have been characterized to be 
involved in ATP binding and hydrolysis, respectively. Integrity of these motifs is required for 
NLRs to function properly. Mutations that abolish ATP hydrolysis make plant NLRs auto-
active, while mutants unable to bind ATP/ADP are inactive (Tameling et al., 2006; van Ooijen 
et al., 2008; Williams et al., 2011). The domain architecture of NLRs is conserved between 
plants and animals in terms of the central NB domain and the C-terminal LRR domain, 
although animal NLR proteins have greater diversity at their N-terminal domains (Maekawa et 
al., 2011b). According to the presence of either Toll/interleukin-1 receptor (TIR) or coiled-coil 
(CC) domain at the N-terminus, plant NLRs can be further classified into two subfamilies as 
TNL (TIR-NBS-LRR) and CNL (CC-NBS-LRR) (Figure 1.2A), respectively (Jacob et al., 2013). 
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The structure knowledge on plant NLRs is very limited. Before the research conducted in this 
thesis, the only available crystals structures of the plant NLRs are the CC domain of barley 
NLR MLA10 (Figure 1.2B), the TIR domain of flax NLR L6 (Figure 1.2C), and the CC domain 
of potato NLR Rx in complex with RanGAP2 WPP domain (Bernoux et al., 2011; Hao et al., 
2013; Maekawa et al., 2011a). No structure information on the NB-ARC domain or the LRR 
domain of plant NLRs has been reported. The recently published structure of mouse NLRC4 
NOD-LRR (Figure 1.2E) shed some light on the structure knowledge of the NB-ARC and LRR 
domains in plant NLRs (Hu et al., 2013). 
 
Figure 1.2 Crystal structures of NLRs. (A) Schematic representation of three domains in plant 
NLRs. (B) Crystal structure of MLA10 CC domain (PDB ID 3QFL). The structure features two 
long antiparallel α helices linked by a short loop. MLA10 CC domain was purified as 
homodimer and disruption of the homodimerization interface abolishes MLA10 CC domain 
dependent HR. (C) Crystal structure of L6 TIR domain (PDB ID 3OZI). The structure consists 
of five parallel β strands (βA–βE) surrounded by five α-helical regions (αA–αE). The figure is 
taken from (Bernoux et al., 2011). (D) Detailed representation of the identified dimerization 
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interface in crystals of L6 TIR domain with the residues involved in close contacts (at 
distances < 4 Å) shown in wireframe and hydrogen bonds/salt bridges shown as dotted red 
lines. The interface mainly involves residues from the αD1, αD3, and αE helices, the βE 
strand, and the DE and EE loops. The figure is taken from (Bernoux et al., 2011). (E) Cartoon 
representation of mouse NLRC4 structure with the N-terminal CARD domain deletion. 
Individual subdomains are labeled in different colors as shown. The NOD module comprises 
the nucleotide-binding (NB) domain, the helical domain HD1, and the winged-helix domain 
(WHD). The bound ADP molecule is shown as sticks in cyan. The ADP–mediated interaction 
between the NB domain and the WHD is important for stabilizing the NLRC4 in a closed 
conformation. The C-terminal leucine-rich repeat (LRR) domain sequesters NLRC4 in a 
monomeric state through interaction with the NB domain. The helical domain HD2 interacts 
with a conserved and functionally important α-helix of the NB domain to inhibit NLRC4 
activation. Plant NLRs contains ARC1 and ARC2 subdomains that correspond to the HD1 
and WHD subdomains in NLRC4, but does not have an ARC3 subdomain corresponding to 
the HD2 subdomain in NLRC4. The figure is taken from (Hu et al., 2013). 
 
1.3.2 Subcellular localization of plant NLRs 
Plant NLRs have been shown to exhibit different subcellular localizations for function. Some 
plant NLRs accumulate in the nucleus upon activation, which may account for significant 
transcriptional reprogramming in defense signalling. For instance, upon recognition of its 
cognate effector AvrA10, barley NLR MLA10 translocates into the nucleus and physically 
targets transcription factors to initiate defense responses (Chang et al., 2013; Shen et al., 
2007). Enforced cytoplasmic localization of MLA10 by tagging with a nuclear export sequence 
(NES) enhances its HR activity. In contrast, enforced nuclear localization of MLA10 by 
tagging with a nuclear localization sequence (NLS) inhibits its HR activity, but is sufficient to 
activate the anti-microbe resistance against the powdery mildew fungus (Bai et al., 2012). 
Similar studies on the Pseudomonas syringae effector AvrRPS4, which can be recognized by 
the Arabidopsis NLR RPS4, further demonstrates similar roles of nucleo-cytoplasmic RPS4 
pools as MLA10 in defense signalling (Heidrich et al., 2011). Dynamic nucleo-cytoplasmic 
localizations of both NLRs are required for the full disease resistance. These studies suggest 
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that nucleo-cytoplasmic pools of some plant NLRs may engage in different signaling 
pathways and the plant cell death signalling pathway can be uncoupled from the anti-microbe 
resistance signalling pathway. 
In addition to nucleo-cytoplasmic localization, some plant NLRs exhibit plasma membrane 
(PM) and endomembrane locations. Both Arabidopsis NLRs RPS5 and RPM1 have been 
shown to localize at the PM. Detachment of RPS5 from the PM affects RPS5-dependent HR 
(Qi et al., 2012). An auto-active mutant of RPM1 keeps attached to the PM (Gao et al., 2011), 
which indicates that both activation and signalling of RMP1 happen on the PM. Flax NLRs L6 
and M localize to the Golgi apparatus and the tonoplast, respectively, which is determined by 
their different N-terminal signal anchor sequences (Takemoto et al., 2012). Deletion of the N-
terminal sequence makes L6 protein unstable and renders it non-functional. Changed 
localization of L6 by swapping the N-terminal sequences of L6 and M, however, does not 
affect the function of L6. 
 
1.4 Plant NLR– effector recognition 
During infection, pathogens secrete small effector proteins into plant cells so as to suppress 
plant immune response or promote pathogen virulence for pathogenesis. Plants sense the 
infection signals of effectors and evolve NLRs to recognize effectors and initiate the ETI 
response. The modes of effector recognition by plant NLRs are diverse in the cases of 
different effector-NLR pairs. Generally, the recognition modes can be divided into the indirect 
interaction mode and the direct interaction mode (Dodds and Rathjen, 2010). 
Most plant NLRs fall within the indirect interaction mode, also known as the guard hypothesis, 
which involves pathogen effectors that induce modifications such as phosphorylation or 
proteolysis of host proteins guarded by NLRs and leads to activation of NLRs. One of the 
best-studied host proteins involved in the indirect interaction mode is the Arabidopsis protein 
RIN4, which is guarded by two NLRs RPM1 and RPS2. The Pseudomonas syringae type III 
effector AvrRpm1 directly interacts with RIN4 and induces the phosphorylation of RIN4, which 
leads to the activation of RPM1-dependent resistance (Chung et al., 2011). RIN4 is also 
monitored by RPS2 and keeps RPS2 at an off state through physical interaction. The effector 
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AvrRpt2 induced proteolysis of RIN4 initiates RPS2-dependent defense response (Axtell and 
Staskawicz, 2003).  
The direction interaction model is also known as the ligand-receptor model. Several plant 
NLRs have been shown to physically interact with their cognate pathogen effectors. Clear 
examples for this interaction mode include the NLRs Pita, RPP1, L6, M, RGA5, Pik and 
RRS1-R, and their cognate effectors AvrPita, ATR1, AvrL567, AvrM, AVR1-CO39, AvrPik and 
Pop2. The rice NLR Pita confers resistance to the rice blast fungus carrying AvrPita. A 
specific and direct interaction between AvrPita and the LRR domain of Pita has been 
demonstrated both in yeast and in vitro, and disruption of the physical interaction abolishes 
Pita-AvrPita dependent ETI response (Jia et al., 2000). The Arabidopsis NLR RPP1 
specifically recognizes its cognate oomycete effector ATR1 through physical interaction to 
initiate HR. The RPP1-ATR1 interaction was demonstrated by co-immunoprecipitation in 
planta. The LRR domain of RPP1 is necessary and sufficient for the interaction but not 
sufficient for triggering HR (Chou et al., 2011; Krasileva et al., 2010). Mutations in TIR and NB 
domains of RPP1 that abolish HR do not affect ATR1 binding. In the case of flax NLR L6 and 
flax rust effector AvrL567, a direct interaction has been shown using yeast-2-hybid. In addition 
to the LRR domain, the NB-ARC domain and TIR domain are also involved in the interaction 
(Dodds et al., 2006; Ravensdale et al., 2012). AvrM-M and Popp2-RRS1 direct interactions 
were also shown using yeast-2-hybrid (Catanzariti et al., 2010; Deslandes et al., 2003; Ve et 
al., 2013). Above examples imply the very important role of the LRR domain of plant NLRs in 
direct effector recognition. 
In the cases of some NLRs, domains other than the LRR domain were shown to be 
responsible for physical interaction with effectors. The rice NLR RGA5, which functions as a 
dual resistance protein system with RGA4, recognizes two sequence unrelated effector 
proteins AVR1-CO39 and AVR-Pia from the fungus Magnaporthe oryzae through direct 
interaction. The physical interaction occurs through the RATX1 domain at the C-terminus of 
RGA5 instead of the LRR domain, which was demonstrated by yeast-2-hybrid assays, in 
planta co-immunoprecipitation and fluorescence resonance energy transfer–fluorescence 
lifetime imaging (Cesari et al., 2013). BLAST search identified a homologue of RGA5 RATX1 
domain that sits in between the CC domain and NB domain of the rice NLR Pik. Furthermore, 
Pik has been shown to physically interact with its cognate fungal effector Avr-Pik through its 
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longer coiled-coil domain region that contains a RATX1 domain (Kanzaki et al., 2012), which 
indicates that the RATX1 domain of Pik is probably involved in the interaction. The interaction 
was confirmed using both yeast-2-hybrid assays and in planta co-immunoprecipitation assays. 
These studies combine to suggest that different interaction mechanisms exist in the direct 
recognition mode and the significant role of NLR LRR domain and RATX1 domain in the 
physical interaction.  
From the perspective of pathogen effectors, crystal structures of several effector proteins 
have been determined to identify the important residues or interfaces involved in interaction 
with the corresponding plant NLRs. The crystal structure of the flax rust fungal effector 
AvrL567 reveals important residues involved in the interaction with flax NLRs L5, L6, and L7 
to trigger HR (Wang et al., 2007). The crystal structure of AvrRps4 reveals an electronegative 
surface patch important for triggering HR (Sohn et al., 2012). Crystal structure of the flax rust 
fungal effector AvrM reveals a hydrophobic surface patch required for internalization of AvrM 
into plant cells and multiple residues at the C-terminal coiled-coil domain that mediate the 
direct interaction with the flax NLR M (Ve et al., 2013). Crystal structure of the 
Hyaloperonospora arabidopsidis effector ATR1 suggests that ATR1 detection by RPP1 is 
mediated by several distinct protein surfaces that allow the effectors to escape recognition 
through diverse surface polymorphisms (Chou et al., 2011). However, no crystal structure of a 
LRR domain or an RATX1 domain from plant NLRs is available so far. The molecular basis of 
direct effector recognition by plant NLRs therefore remains undefined. 
 
1.5 Activation and signalling of plant NLRs 
As important immune receptors that could lead to programmed cell death, the expression 
level and activation status of plant NLRs are tightly regulated to prevent autoimmunity. Intra-
molecular interactions have been shown to keep NLRs in an inactivated status. The LRR 
domain is the most polymorphic region in plant NLRs. Besides its important role in direct 
effector recognition as discussed in the 1.4 section, the LRR domains of some NLRs including 
Rx and RPS5 were demonstrated to physically interact with their corresponding NB-ARC 
domains to lock the NLRs in an “off” state (Moffett et al., 2002; Qi et al., 2012; Rairdan and 
Moffett, 2006). Swapping the LRR domains between the NLRs or deletion of the LRR 
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domains leads to auto-activation of NLRs. In RPS5, only the first 4 LRR modules are required 
to prevent auto-activation. In Rx, a cluster of basic residues in the N-terminal half of LRR 
domains were shown to interact with an acidic loop of ARC subdomain (Slootweg et al., 2013). 
The crystal structure of mNLRC4, a mouse NLR protein, supports the hypothesis that 
intracellular interactions between the NB-ARC and LRR domains keep NLRs inactivated 
(Figure 1.2E). The mNLRC4 features an inverted “question mark” structure with the LRR 
domain interacting with both the NB subdomain and the corresponding ARC subdomain (Hu 
et al., 2013). Not much structure information is available for plant NLRs. Given the important 
role of the N-terminal CC or TIR domain of plant NLRs in signalling, other inter-domain 
interactions involving CC or TIR domain may also exist to shield the accessibility of the 
signalling domain (Moffett et al., 2002; Ravensdale et al., 2012). Effector recognition probably 
induces conformational change across the NLR protein, disrupts the intra-molecular 
interactions, and exposes the signalling domain to engage with downstream signalling 
partners. 
 
In light of the N-terminal domain homotypic interaction during mammalian NLR activation and 
signalling, a few studies have been performed to investigate the role of the N-terminal CC or 
TIR domain of plant NLRs in resistance signalling. The most detailed structure and function 
studies came from the MLA10 CC domain and the L6 TIR domain. Both studies demonstrate 
that the N-terminal domain and its homodimerization are required and sufficient to trigger HR 
(Bernoux et al., 2011; Maekawa et al., 2011a). The presence of the NB-ARC domain 
attenuates L6 TIR domain homodimerization and abolishes L6 TIR domain dependent HR. In 
addition to the homodimerization interface in the crystal structure of L6 TIR domain, another 
interface containing several conserved residues in the BB loop and αC helix was identified to 
be important for signalling (Figure 1.2C and 1.2D). This interface was suggested to recruit 
downstream signalling partners. Based on these results, an activation model for the TNL 
class of plant NLRs was proposed (Bernoux et al., 2011) (Figure 1.3). Swiderski et al. 
demonstrated that overexpression of the TIR domains of Arabidopsis RPS4 and RPP1A but 
not RPP2A or RPP2B in Nicotiana benthamiana induces effector-independent cell death 
(Swiderski et al., 2009). In addition to the N-terminal domain of plant NLRs, the NB-ARC 
domain also seems to play a role in signalling. In the case of potato NLR Rx, overexpression 
of the NB subdomain alone is sufficient for inducing HR, indicating the role of NB subdomain 
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in signalling instead of its CC domain (Rairdan et al., 2008). Overexpression of the CC-NB-
ARC region of the Arabidopsis NLR RPS5 triggers HR, but the CC domain or NB-ARC 
domain alone does not trigger HR (Ade et al., 2007). 
 
 
Figure 1.3 Activation model of the TNL-class of plant NLRs. In the absence of pathogen 
effectors, the plant NLR is kept at an “off” state by intramolecular interactions with the TIR-
domain dimerization interface shielded. Upon effector recognition, intramolecular interactions 
are disrupted. The conformational changes driven by ATP hydrolysis in the NB-ARC domain 
allow the TIR domain to homodimerize and engage with down-stream signaling partners to 
activate defense signalling. The figure is taken from (Bernoux et al., 2011). 
 
 
1.6 Dual resistance systems 
The original gene-for-gene hypothesis describes that a single plant R gene product 
specifically recognizes an unique avirulence gene product from the pathogen (Flor, 1971). In 
certain cases, plant immunity requires the presence of two NLRs to achieve disease 
resistance and knocking out one NLR results in loss of resistance. An increasing number of 
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plant NLR pairs have been reported (Bonardi and Dangl, 2012). In rice, several pairs of 
divergently transcribed NLR genes have been shown to function cooperatively to confer 
resistance to the fungus Magnaporthe oryzae (Ashikawa et al., 2008; Cesari et al., 2013; 
Okuyama et al., 2011; Shang et al., 2009). In melon, the NLR genes Fom-1 and Prv are both 
necessary to provide resistance to races of Fusarium oxysporum and papaya ring-spot virus 
(Brotman et al., 2013). In Arabidopsis thaliana, both NLRs RPS4 (resistance to Pseudomonas 
syringae 4) and RRS1 (resistance to Ralstonia solanacearum 1) are required for recognition 
of the bacterial effectors AvrRps4 from Pseudomonas syringae pv. pisi and PopP2 from 
Ralstonia solanacearum, and an unidentified effector from the fungal pathogen Colletotrichum 
higginsianum (Birker et al., 2009; Narusaka et al., 2009a; Narusaka et al., 2009b). Nine pairs 
of divergently transcribed NLRs exist in Arabidopsis (Narusaka et al., 2009b). The paired NLR 
genes usually sit in a head-to-head (inverted) arrangement in the locus, which suggests their 
transcriptions may be co-regulated. Interestingly in mice, the NLR protein NLRC4 functions 
with either the NLRs NAIP5/6 or NAIP2 to activate defense responses after recognition of 
flagellin or bacterial type III secretion rod protein PrgJ, respectively (Kofoed and Vance, 2011). 
 
Altogether, these findings suggest that the mechanisms of disease resistance conferred by 
dual NLR genes in plants and animals might be evolutionarily conserved. However, how the 
paired NLRs function together and whether they physically associate are largely unknown. 
 
 
1.7 Function of effector proteins 
During infection, pathogenic microbes deliver effectors into plant cells to promote 
pathogenesis (Dou and Zhou, 2012). The mechanism of effector delivery is not very well 
understood. Bacterial pathogens utilize the type III secretion system to deliver effector 
proteins. Most biotrophic fungi and oomycete develop a membrane feeding structure called 
haustoria through invagination of the host plasma membrane for both nutrient uptake and 
effector delivery (Dodds and Rathjen, 2010). Pathogen effectors are generally small proteins 
with highly divergent sequences even among related species. Effector proteins from fungi 
share low sequence similarities with the proteins of known functions or structures in the 
databases, making it difficult to predict the biological functions based on the protein 
I.	  Introduction	  	  
	   15	  
sequences of effectors. A large number of pathogen effectors have been identified and 
extensive studies have been done to investigate their structures and virulence functions in the 
past years. 
 
From the perspective of pathogens, secretion of effectors promotes pathogen virulence, 
which is often achieved by suppressing plant immune response. The PTI signalling pathway 
has been shown to be an important target for pathogen effectors. The Pseudomonas syringae 
type III effector AvrPto interacts directly with pattern recognition receptors (PRRs) FLS2 and 
EFR to block the kinase activity of the PRRs and interfere with PTI signaling pathway (Xiang 
et al., 2011; Xiang et al., 2008; Xing et al., 2007). Moreover, complex structure of AvrPto and 
plant kinase Pto reveals the molecular mechanism of how AvrPto interacts with Pto to inhibit 
its kinase activity so as to depress host defence (Xing et al., 2007). To suppress PTI, the 
Pseudomonas syringae effector HopF2 has been shown to directly target the receptor-like 
kinase BAK1 that is required for several PRRs to function (Zhou et al., 2013).  
 
Pathogens effectors also target plant transcription factors so as to interfere with plant 
immunity. For instance, the Pseudomonas syringae type III effector HopD1 has been shown 
to physically associate with the Arabidopsis transcription factor NTL9, which results in specific 
suppression of ETI response, but not PTI response (Block et al., 2014). A downy mildew 
effector HaRxL44 physically interacts with the subunit 19a of the transcriptional mediator 
complex to induce its degradation in a proteasome-dependent manner and attenuate SA 
triggered immunity (Caillaud et al., 2013). 
Plant hormones have been shown to affect plant-microbe interactions and disease resistance 
or susceptibility. Among those hormones are SA, jasmonic acid (JA), ethylene (ET), and 
cytokinin (CK). Signaling of the plant defense hormone SA activates resistance against 
biotrophic and hemibiotrophic pathogens. Generally, CK acts synergistically with SA to confer 
resistance, while JA and ET combine to trigger resistance against necrotrophic pathogens 
(Dou and Zhou, 2012; Robert-Seilaniantz et al., 2011). The SA/CK and JA/ET signalling 
pathways are mostly antagonistic. Pathogen infection can also utilize various effectors to 
interfere with the signalling pathway of these plant hormones. For instance, Ustilago maydis, 
a hemibiotrophic fungal pathogen, secretes the effector Cmu1 affecting SA biosynthesis in 
plants to inhibit SA-mediated immunity (Djamei et al., 2011). The type III secretion effector 
I.	  Introduction	  	  
	   16	  
XopD from Xanthomonas euvesicatoria directly interacts with the ethylene responsive 
transcription factor SlERF4 and leads to decreased ethylene levels, which delays disease 
symptom development to facilitate pathogen invasion (Kim et al., 2013). Plant jasmonate ZIM-
domain (JAZ) proteins are major components of the JA receptor complex and act as 
transcriptional repressors in the JA signaling pathway. The P. syringae effector HopZ1a has 
been shown to induce the degradation of AtJAZ1 and promote JA signalling to facilitate 
infection (Jiang et al., 2013). The effects of cytokinins on plant immunity and manipulation of 
plant cytokinin levels by pathogen infections are discussed in detail in the sections 1.8.3 and 
7.2.3, respectively. 
 
Pathogen infection can also affect plant cell death by means of effectors. The hallmark of ETI 
activated by recognition of pathogen effectors by plant NLRs is the localized cell death at the 
infection sites to restrict pathogen growth. Hence, effectors are under evolutionary pressure to 
evade NLR recognition and avoid triggering cell death. In addition, biotrophic and 
hemibiotrophic pathogens could utilize effectors to suppress plant cell death. Avr1b, a WY 
domain-containing effector from P. sojae, was shown to inhibit plant cell death through its WY 
domain (Dou et al., 2008). And the WY domain extensively exist in RXLR effectors from 
hemibiotrophic Phytophthora and biotrophic H. arabidopsidis (Bozkurt et al., 2012). The P. 
infestans RXLR effector IPI-O4 could directly interact with the coiled-coil (CC) domain of the 
potato NLR RB to suppress RB-dependent HR (Chen et al., 2012). 
 
 
1.8 Cytokinins and plant immunity 
1.8.1 Cytokinins 
The plant hormone cytokinins are adenine derivatives with an isoprenoid or aromatic side 
chain at the N6 position. Cytokinins play a central role in regulating cell division and specific 
developmental events, such as shoot and root branching, leaf senescence, and fruit 
development (Ha et al., 2012; Hwang et al., 2012). Recent studies have highlighted the 
important role of cytokinin in plant-microbe interactions and disease resistance/susceptibility 
(Choi et al., 2010a; Pertry et al., 2009; Pertry et al., 2010). In Arabidopsis, recognition of 
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cytokinins by histidine kinases (AHKs) receptors leads to the phosphorylation of response 
regulator proteins (ARRs) and activation of the cytokinin signalling pathways. There are two 
main groups of ARRs (Schaller et al., 2008): type-A ARRs that negatively regulate cytokinin 
responses (Hwang and Sheen, 2001; Kiba et al., 2003; To et al., 2004), and type-B ARRs that 
contain an extra DNA binding domain and positively regulate cytokinin signaling through 
induction of cytokinin-responsive genes (Argyros et al., 2008; Mason et al., 2005; Sakai et al., 
2001). 
 
1.8.2 Cytokinin oxidases 
Cytokinin oxidases (CKXs) contain flavin adenine dinucleotide (FAD) as a cofactor and 
regulate the levels of plant cytokinins by catalyzing their irreversible oxidation. CKXs are not 
actually oxidases but dehydrogenases (Frebortova et al., 2004), thus need electron acceptors 
for the catalytic reaction to remove the N6 side-chain of cytokinin (Brownlee et al., 1975; 
Whitty and Hall, 1974). In plants, cytokinin oxidase genes exist in multigenic families with 
varying numbers of genes. For instance, there are 13 genes coding for cytokinin oxidases 
(ZmCKX1- ZmCKX13) in the maize genome, 7 genes coding for cytokinin oxidases (AtCKX1-
AtCKX7) in the Arabidopsis genome and at least 11 genes of cytokinin oxidases (OsCKX1-
OsCKX11) in the rice genome (Ashikari et al., 2005; Schmulling et al., 2003; Vyroubalova et 
al., 2009). The cytokinin oxidase genes are relatively well studied in maize and Arabidopsis. 
AtCKX and ZmCKX genes exhibit different tissue specificity and transcription profiles, while 
their protein products differ in terms of substrate specificity, enzymatic activity, glycosylation 
property and subcellular localization (Smehilova et al., 2009; Vyroubalova et al., 2009).  
The crystal structure of ZmCKX1 was solved in complex with reaction products and a slowly 
reacting substrate (Malito et al., 2004). No obvious conformational changes were observed in 
the structure upon the substrate binding. Arabidopsis cytokinin oxidase AtCKX7 was 
determined in its FAD-bound state (Bae et al., 2008). With different subcellular localizations 
and a sequence identity of 39.4%, ZmCKX1 and AtCKX7, however, adopt similar two-domain 
topology. Superimposition of the two structures gives a root-mean-square deviation (rmsd) of 
1.8 Å for 474 equivalent Cα atoms [Calculated by Dalilite (Holm and Park, 2000)]. In both 
structures, FAD is covalently bonded to a conserved histidine residue.  
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1.8.3 The effect of cytokinins on plant immunity 
In terms of function, studies suggest that different cytokinin types share some common roles, 
but some cytokinin types seem to play more specialized roles than others. Two of the 
aromatic cytokinins benzyladenine (BA) and kinetin have been shown to play a significant role 
in programmed cell death (Carimi et al., 2003; Kunikowska et al., 2013a; Kunikowska et al., 
2013b; Vescovi et al., 2012). 2-isopentenyladenine (2iP) has been shown to be involved in 
plant development and growth (Helgeson et al., 1969; Jana et al., 2013; Seyedi et al., 2001). 
Both trans-zeatin and cis-zeatin promote plant immune response against pathogen infections, 
and trans-zeatin is more active than cis-zeatin (Grosskinsky et al., 2013). 
An important clue to the question of how cytokinins affect plant immunity was provided by 
Choi et al., who showed that increased level of cytokinin, through exogenously supplied trans-
zeatin or transgenic overexpression of isopentenyl transferase (IPT), enhances basal 
resistance of Arabidopsis thaliana against Pseudomonas syringae by modulating SA 
signalling and induction of several pathogenesis-related genes, including PR1 (Choi et al., 
2010b). Conversely, transgenic plants that overexpress CKX and also host mutants that fail to 
perceive endogenous cytokinins exhibit reduced basal resistance. UNI encodes an 
Arabidopsis CC-NB-LRR R protein, and its uni-1D mutation results in constitutive activation of 
the protein and up-regulation of pathogenesis-related genes via accumulation of SA. Uni-1D 
plants exhibit a dwarfed phenotype with ectopic meristems (Igari et al., 2008). Further 
investigation showed that uni-1D plants have increased endogenous trans-zeatin and its 
conjugated forms, which could induce the expression of cytokinin-responsive genes including 
ARR4, ARR5 and ARR6. Cytokinin depletion by AtCKX1 overexpression in a uni-1D 
background suppresses the formation of ectopic meristems and abolishes the activation of 
both ARR5 and PR1. Furthermore, auto-activation of two other CC-NB-LRR R proteins RPS2 
and RPM1 also lead to the up-regulation of ARR5 and PR1 and exhibit similar phenotype as 
uni-1D. Given these findings, cytokinins, especially trans-zeatin, could modulate SA signalling 
and expression of PR genes to affect disease resistance. 
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1.9 Research aims and significance 
Plant NLRs function as important cytoplasmic immune receptors to recognize pathogen 
effector proteins and initiate immune response. The mechanisms of effector virulence 
functions, recognition of effectors by NLRs, and NLR activation and signalling are largely 
unknown. The overall aim of this thesis is to investigate these underlying mechanisms in the 
flax/flax-rust model pathosystem and the Arabidopsis paired NLRs RRS1/RPS4 system. 
Current knowledge on the virulence functions of fungal effectors is very rare. Study on the 
flax-rust effector AvrL567 will further our understanding of the virulence mechanisms fungal 
pathogens employ to evade plant basal defense responses. The flax NLRs L5, L6 and L7 
have been shown to directly recognize different AvrL567 effectors via physical association 
involving their LRR domains (Dodds et al., 2006; Ravensdale et al., 2012), which provides a 
good system to investigate NLR-effector recognition specificities. Arabidopsis NLRs RPS4 
and RRS1 function cooperatively to activate disease resistance (Narusaka et al., 2009a; 
Narusaka et al., 2009b). Investigation of the homodimerization and heterodimerization of the 
two TIR domains will shed more light on the signalling activities of plant NLRs. The specific 
aims designed for this PhD project are: 
1. To investigate the molecular basis of the virulence function of the flax rust effector 
AvrL567-A 
2. To produce soluble proteins of the LRR domains of flax NLRs for crystallization purposes 
and perform interaction studies with cognate effector proteins in vitro 
3. To determine the crystal structures of the RRS1 TIR domain and the RPS4 TIR domain 
and investigate the molecular basis of the homodimerization and heterodimerization of the 
two TIR domains 
Achievement of these specific aims will further our understanding of the virulence 
mechanisms pathogens employ to suppress plant basal defense by secretion of effectors and 
how plant NLRs specifically recognize cognate effectors to activate defense signalling for 
stronger immune responses. The improved knowledge on molecular details of the arms race 
interaction between plants and pathogens will contribute towards the long-term goal of 
engineering novel and broad-spectrum resistance specificities.  
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2.1 Introduction 
 
In Arabidopsis thaliana, NLRs RPS4 and RRS1 function cooperatively to confer resistance 
against three distinct pathogens (Birker et al., 2009; Narusaka et al., 2009a; Narusaka et 
al., 2009b). Both RPS4 and RRS1 carry an N-terminal Toll/interleukin-1 receptor (TIR) 
domain. The TIR domains of plant NLRs have been shown to be involved in resistance 
signaling (Bernoux et al., 2011; Swiderski et al., 2009). Sequence alignments of plant TIR 
domains reveal that RRS1 has an atypical TIR domain with shorter α-D helical region 
(Figure 2.1). Structural knowledge on the RRS1 TIR domain and RPS4 TIR domain will 
contribute to the understanding of the RRS1-RPS4 resistance system. 
 
This chapter describes the crystallization and preliminary structure determination of the 
RRS1 TIR domain consisting of residues 6 to 153. The protein of RRS1 TIR domain was 
expressed in E. coli and purified.  Tetragonal crystals of the RRS1 TIR domain were 
obtained using ammonium sulfate as a precipitant after systematic optimization of pH and 
precipitant concentration (Figure 2.2). The crystals of RRS1 TIR domain diffracted X-rays 
to 1.75 Å resolution at the Australian Synchrotron. The crystals had the symmetry of the 
space-group P41212 or P43212 and were most likely to contain one molecule per 
asymmetric unit. These results were published together with crystallization and preliminary 
X-ray diffraction analyses of RPS4 TIR domain and the TIR domain of SNC1 that is an 
Arabidopsis NLR involved in disease resistance. 
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Figure 2.1 Sequence alignments of plant TIR domains. Amino-acid sequences from the 
TIR domains of Arabidopsis SNC1 (10-180), Arabidopsis RPP1-WsA (50–229), 
Arabidopsis RPS4 (residues 15–191), Arabidopsis RRS1 (6-153) and tobacco N (10–191) 
were aligned with the sequences of the TIR domains with known crystal structures: 
Arabidopsis AtTIR (PDB ID 3JRN) and flax L6 (PDB ID 3OZI) using MUSCLE (Edgar, 
2004). The position of the secondary-structure elements in L6 is shown at the top. The 
alignment figure was prepared using ESPript (Gouet et al., 2003). 
 
 
 
Figure 2.2 Crystals of RRS1 TIR domain. (A) Initial crystallization hits in ammonium 
sulfate- containing conditions. (B) Optimized crystals with a tetragonal morphology. These 
crystals were grown in 0.1 M Bis-Tris (pH 7.0) and 1.8 M ammonium sulfate, and they 
diffracted x-rays to 1.75 Å resolution. 
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The Toll/interleukin-1 receptor (TIR) domain is a protein–protein interaction
domain that is found in both animal and plant immune receptors. The
N-terminal TIR domain from the nucleotide-binding (NB)–leucine-rich repeat
(LRR) class of plant disease-resistance (R) proteins has been shown to play an
important role in defence signalling. Recently, the crystal structure of the TIR
domain from flax R protein L6 was determined and this structure, combined
with functional studies, demonstrated that TIR-domain homodimerization is
a requirement for function of the R protein L6. To advance the molecular
understanding of the function of TIR domains in R-protein signalling, the
protein expression, purification, crystallization and X-ray diffraction analyses of
the TIR domains of the Arabidopsis thaliana R proteins RPS4 (resistance to
Pseudomonas syringae 4) and RRS1 (resistance to Ralstonia solanacearum 1)
and the resistance-like protein SNC1 (suppressor of npr1-1, constitutive 1) are
reported here. RPS4 and RRS1 function cooperatively as a dual resistance-
protein system that prevents infection by three distinct pathogens. SNC1 is
implicated in resistance pathways in Arabidopsis and is believed to be involved
in transcriptional regulation through its interaction with the transcriptional
corepressor TPR1 (Topless-related 1). The TIR domains of all three proteins
have successfully been expressed and purified as soluble proteins in Escherichia
coli. Plate-like crystals of the RPS4 TIR domain were obtained using PEG 3350
as a precipitant; they diffracted X-rays to 2.05 A˚ resolution, had the symmetry of
space group P1 and analysis of the Matthews coefficient suggested that there
were four molecules per asymmetric unit. Tetragonal crystals of the RRS1 TIR
domain were obtained using ammonium sulfate as a precipitant; they diffracted
X-rays to 1.75 A˚ resolution, had the symmetry of space group P41212 or P43212
and were most likely to contain one molecule per asymmetric unit. Crystals of
the SNC1 TIR domain were obtained using PEG 3350 as a precipitant; they
diffracted X-rays to 2.20 A˚ resolution and had the symmetry of space group
P41212 or P43212, with two molecules predicted per asymmetric unit. These
results provide a good foundation to advance the molecular and structural
understanding of the function of the TIR domain in plant innate immunity.
1. Introduction
Plants have developed a complex multilayered immune system to
defend themselves against invading pathogens (Jones & Dangl, 2006).
The first basal layer of immunity is termed PAMP (pathogen-
associated molecular pattern)-triggered immunity (PTI) and involves
the recognition of conserved PAMPs by pattern-recognition recep-
tors (PRRs) on the exterior surface of the plant cell. The second layer
involves the recognition of pathogen effector proteins by intracellular
disease-resistance (R) proteins and is named effector-triggered
immunity (ETI). ETI is often mediated by R proteins from the
nucleotide-binding (NB) and leucine-rich repeat (LRR) class, which
directly or indirectly recognize pathogen effector proteins. Once
activated, NB–LRR proteins trigger defence responses that are often
associated with localized cell death at infection sites through a
process known as the hypersensitive response (HR; Chisholm et al.,
2006). NB–LRR R proteins have either a coiled-coil (CC) or Toll/
interleukin-1 receptor (TIR) domain at their amino-termini and are
therefore grouped as CNL and TNL R proteins, respectively (Dodds
& Rathjen, 2010). The central NB domain is believed to act as a
# 2013 International Union of Crystallography
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molecular switch, utilizing the exchange of ADP and ATP to control
activity (Lukasik & Takken, 2009; Williams et al., 2011), while the
LRR domain has been shown to determine recognition specificity
(Dodds et al., 2006; Padmanabhan et al., 2009; Ravensdale et al., 2012;
Wang et al., 2007).
The N-terminal CC and TIR domains are believed to be involved
in R-protein signalling. Recent reports of the crystal structures of the
CC domain of the barley R protein MLA10 (Maekawa et al., 2011)
and the TIR domain of the flax R protein L6 (Bernoux et al., 2011)
helped to confirm this role. Maekawa and coworkers demonstrated
that the CC domain of MLA10 forms a homodimer and mutational
studies showed that this property is required for defence signalling
(Maekawa et al., 2011). Similarly, the TIR domain of L6 has the
capacity to homodimerize. Crystallographic and mutational studies
identified a dimerization interface and a signalling interface in this
domain. The TIR domain of L6 is also required and sufficient to
induce cell death (Bernoux et al., 2011).
In Arabidopsis, RPS4 and RRS1 have been shown to cooperatively
confer resistance to both fungal and bacterial pathogens (Colleto-
trichum higginsianum, Ralstonia solanacearum and Pseudomonas
syringae pv. tomato strain DC3000 expressing avrRps4; Narusaka,
Kubo et al., 2009; Narusaka, Shirasu et al., 2009; Birker et al., 2009).
Several examples of paired NB–LRR genes acting cooperatively to
confer resistance against a pathogen have been reported (Ashikawa
et al., 2008; Lee et al., 2009; Sinapidou et al., 2004; Okuyama et al.,
2011; Yuan et al., 2011). Both RPS4 and RRS1 belong to the TNL
class of R proteins (Deslandes et al., 2002; Gassmann et al., 1999).
Interestingly, RRS1 carries an additional C-terminal WRKY DNA-
binding domain. RRS1 has been found to localize to the nucleus
(Deslandes et al., 2003), while RPS4 is distributed both in the nucleus
and cytoplasm, but nuclear localization is required for full pathogen
resistance (Wirthmueller et al., 2007). While the genetic link between
RPS4 and RRS1 in this cooperative dual-function resistance has
been established, the molecular basis of this cooperation is largely
unknown.
A mutation in the A. thaliana NB–LRR R-like protein-encoding
gene SNC1 (suppressor of npr1-1, constitutive 1) leads to an auto-
active phenotype (constitutive expression of defence genes and
enhanced disease resistance against the virulent bacterial pathogen
Pseudomonas syringae pv. maculicola ES4326 and the oomycete
pathogen Hyaloperonospora arabidopsidis Noco2; Li et al., 2001).
SNC1 has been reported to function through an association with the
transcriptional corepressor protein Topless-related 1 (TPR1; Zhu
et al., 2010). Overexpression of TPR1 activates SNC1-mediated
immune responses, and GST pull-down assays have demonstrated
that TPR1 associates with the SNC1 TIR domain in vitro (Zhu et al.,
2010). However, the molecular basis of these associations remains
unknown.
As a step towards further elucidating the mechanisms involved
in R-protein signalling, we report the expression, purification and
crystallization studies of the TIR domains of the A. thaliana proteins
RPS4, RRS1 and SNC1. Because RPS4 and RRS1 function as a dual
resistance-protein system, the study should reveal interesting differ-
ences in the molecular mechanism of TIR-domain signalling
compared with the L6 protein. Comparative studies of different
R-protein TIR domains will further shed light on the common
features of the interfaces involved in TIR–TIR domain interactions.
2. Materials and methods
2.1. Protein production and purification
The cDNAs comprising the TIR domains, encoding residues 6–153
of RRS1 (designated RRS1TIR) and 10–178 of RPS4 (designated
crystallization communications
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Table 1
Crystallographic data collection and processing.
Values in parentheses are for the outer shell.
RPS4 RRS1 data set 1 RRS1 data set 2 SNC1
Detector ADSC Quantum 315r CCD ADSC Quantum 315r CCD ADSC Quantum 315r CCD ADSC Quantum 315r CCD
Wavelength (A˚) 0.9537 0.9537 1.3776 0.9537
Temperature (K) 100 100 100 100
Crystal-to-detector distance (mm) 320 180 170 310
Rotation range per image () 1 1 1 0.5
Exposure time per image (s) 1 1 1 1
Space group P1 P41212 or P43212 P41212 or P43212 P41212 or P43212
Unit-cell parameters
a (A˚) 33.92 71.26 71.38 82.18
b (A˚) 78.64 71.26 71.38 82.18
c (A˚) 80.67 66.72 66.90 124.1
 () 65.63 90.00 90.00 90.00
 () 78.64 90.00 90.00 90.00
 () 78.93 90.00 90.00 90.00
Average mosaicity† () 0.20 0.16 0.15 0.15
Resolution range (A˚) 19.6–2.05 (2.11–2.05) 71.24–1.75 (1.78–1.75) 71.38–2.00 (2.11–2.00) 19.68–2.20 (2.27–2.20)
Total No. of reflections 165463 (10611) 251704 (10757) 929431 (130931) 372024 (32369)
No. of unique reflections 43623 (2762) 17927 (955) 12244 (1735) 22223 (1888)
Completeness (%) 94.0 (75.3) 100.0 (100.0) 100.0 (99.8) 99.8 (99.6)
Multiplicity† 3.8 (3.8) 14.0 (11.3) 75.9 (75.5) 16.7 (17.1)
Mean I/(I) 16.0 (5.9) 32.3 (1.7) 61.7 (11.5) 17.8 (2.1)
Rmeas‡ (%) 7.0 (27.3) 7.0 (167.3) 7.0 (64.3) 18.0 (184.9)
Rp.i.m.§ (%) 3.6 (13.9) 1.9 (49.4) 0.8 (7.3) 4.3 (44.1)
CC1/2} 0.99 (0.95) 0.99 (0.59) 0.99 (0.98) 0.99 (0.69)
Matthews coefficient†† (A˚3 Da1) 2.44 2.49 2.51 2.63
DelAnom correlation between half sets† 0.43 (0.03)
† Calculated with AIMLESS (Evans & Murshudov, 2013) within the CCP4 suite (Winn et al., 2011). ‡ Rmeas =
P
hklfNðhklÞ=½NðhklÞ  1g1=2
P
i jIiðhklÞ  hIðhklÞij=
P
hkl
P
i IiðhklÞ,
where Ii(hkl) is the intensity of the ith measurement of an equivalent reflection with indices hkl. § Rp.i.m. =
P
hklf1=½NðhklÞ  1g1=2
P
i jIiðhklÞ  hIðhklÞij=
P
hkl
P
i IiðhklÞ. } Pearson
correlation coefficient between independently merged halves of the data set, as defined by Karplus & Diederichs (2012) and calculated with AIMLESS (Evans & Murshudov, 2013)
within the CCP4 suite (Winn et al., 2011). †† Calculated with MATTHEWS_COEF (Kantardjieff & Rupp, 2003; Matthews, 1968) within the CCP4 suite (Winn et al., 2011);
corresponding to the most likely number of molecules in the asymmetric unit.
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RPS4TIR), were amplified by PCR and inserted into the pMCSG7
vector using ligation-independent cloning (Stols et al., 2002) using the
following primer combinations (RRS16FW, 50-TACTTCCAATCCAAT-
GCGAAGGATGAGGAATTCGTGTGCATCAGCTGCGTAG-30;
RRS1153RV, 50-TATTCCACTTCCAATGTTATCCAATTCGTCCAA-
CATAAAAGTGCGTCTCGTACACATC-30; RPS410FW, 50-TACTTC-
CAATCCAATGCGGAAGACAAGCCACCGCAGCATCAGGTG-30;
RPS4178RV, 50-TTATCCACTTCCAATGTTATATTCCGGTCA-
ACGCTGTCTTCACCGCC-30). For SNC1, a synthetic gene, codon-
optimized for expression in Escherichia coli, that encoded residues
1–184 was purchased from GeneArt (Life Technologies). The cDNA
for the TIR domain-encoding residues 8–181 of SNC1 (designated
SNC1TIR) was amplified by PCR and inserted into the pMCSG7
vector using ligation-independent cloning (Stols et al., 2002) using the
primer combination SNC18FW, 50-TACTTCCAATCCAATGCG-
GGTAGCCGTCGTTATGATGTTTTTCCGAG-30; SNC1181RV,
50-TATTCCACTTCCAATGTTAACCAAAATCATCACTCGGGG-
TCATGGTTT-30. The resulting constructs contained an N-terminal
His6 tag followed by a TEV (Tobacco etch virus) protease cleavage
site. The integrity of the constructs was confirmed by sequencing. The
expected molecular weights of RPS4TIR, RRS1TIR and SNC1TIR
are 20, 17 and 19 kDa, respectively. The RRS1TIR and RPS4TIR
constructs were expressed in E. coli Rosetta (DE3) cells, while
SNC1TIR was expressed in E. coli BL21 (DE3) cells. For expression,
the auto-induction method was used (Studier, 2005). In brief, cells
were grown by continuous shaking at 310 K until the OD600 nm
reached 0.6–0.8. The temperature was then lowered to 293 K for
RPS4TIR and SNC1TIR and to 288 K for RRS1TIR and the cells
were grown for a further 18 h before harvesting by centrifugation.
Cells expressing RPS4TIR and SNC1TIR were resuspended in lysis
buffer consisting of 50 mM HEPES pH 8.0, 500 mM NaCl, 1 mM
DTT, while the cells expressing the RRS1TIR domain were resus-
pended in lysis buffer consisting of 50 mM HEPES pH 8.0, 150 mM
NaCl, 1 mM DTT. The cells were lysed using sonication and were
clarified by centrifugation (10 000g) for 40 min. The resulting super-
natant was applied onto a 5 ml HisTrap column (GE Healthcare) pre-
equilibrated with lysis buffer containing 30 mM imidazole. An A¨KTA
FPLC system (GE Healthcare) was used for all chromatography
steps. The column was washed with lysis buffer containing 30 mM
imidazole to remove proteins interacting nonspecifically and the
bound protein was eluted using a linear gradient of imidazole from 30
to 250 mM. Fractions containing the protein of interest, as deter-
mined by Coomassie-stained SDS–PAGE, were pooled and buffer-
exchanged into a TEV protease-compatible buffer (100 mM Tris pH
8.0, 250 mM NaCl, 1 mM DTT, 0.05 mM EDTA). The N-terminal
His6 tag was removed by overnight treatment with His6-tagged TEV
protease at 277 K (100 mg per 5 mg of the protein of interest). The
cleaved protein was reapplied onto the HisTrap column (pre-equili-
brated with lysis buffer containing 30 mM imidazole) to remove the
TEV protease and other contaminants. Unbound material that
contained the tag-cleaved protein of interest was collected, concen-
trated and applied onto a Superdex 75 HiLoad 26/60 size-exclusion
column (GE Healthcare) pre-equilibrated with gel-filtration buffer
consisting of 10 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT. The
peak fractions were pooled and concentrated using Amicon Ultra-15
Centrifugal Filter Units (Millipore) to final concentrations of
10 mg ml1 for RPS4TIR and SNC1TIR and 16 mg ml1 for
RRS1TIR. The purity of all of the purified proteins was estimated to
be greater than 95% by Coomassie-stained SDS–PAGE. All proteins
were stored in the gel-filtration buffer in aliquots at 193 K prior to
setting up crystal trays.
2.2. Crystallization and X-ray data collection and processing
The optimal protein concentration for crystallization was deter-
mined using the PCT screen (Hampton Research). Initial screening
was conducted in 96-well plates (Labtech) at 293 K using the hanging-
drop vapour-diffusion method. Eight commercial screens were
utilized: Index, PEG/Ion and PEGRx (Hampton Research),
Morpheus, ProPlex, JCSG plus and PACT premier (Molecular
Dimensions) and Precipitant Synergy (Emerald BioSystems).
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Figure 1
(a) Crystals of RPS4TIR grown after 1 d in 23%(w/v) PEG 3350, 0.2 M ammonium
citrate pH 6.5, 0.2 M sodium chloride (approximate dimensions 150  150 
10 mm). (b) Crystals of RRS1TIR grown after 1 d in 0.1 M bis-tris pH 7.0, 1.8 M
ammonium sulfate (approximate dimensions 180  120  80 mm). (c) Crystals of
SNC1TIR grown after 1 d in 18%(w/v) PEG 3350, 9%(w/v) glycerol, 0.1 M MMT
buffer pH 7.5 (0.6 mm in the longest dimension).
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Hanging drops consisting of 100 nl protein solution and 100 nl
reservoir solution were set up using a Mosquito robot (TTP LabTech,
UK) and were equilibrated against 100 ml reservoir solution. The
drops were monitored and imaged using a Rock Imager system
(Formulatrix, USA).
Hits from the initial crystallization screens were optimized by
varying the protein concentration, the precipitant concentration, the
pH and the drop size and by using the Additive Screen (Hampton
Research). Crystals were mounted in nylon loops and transferred into
well solution containing 25%(v/v) glycerol as the final concentration
prior to flash-cooling in liquid nitrogen.
For both RPS4TIR and SNC1TIR, an X-ray diffraction data set
was collected from one single crystal in each case on the Australian
Synchrotron MX2 beamline at a wavelength of 0.9537 A˚ (Table 1).
Two data sets were collected for RRS1TIR at wavelengths of 0.9537
and 1.3776 A˚ (named data set 1 and 2, respectively) on the Australian
Synchrotron MX2 beamline (Table 1). Data were collected using the
Blu-Ice software (McPhillips et al., 2002), indexed and integrated
using XDS (Kabsch, 2010) and scaled with AIMLESS (Evans &
Murshudov, 2013) within the CCP4 suite (Winn et al., 2011).
3. Results and discussion
The domain boundaries of the expression constructs were selected
based on sequence alignments of RPS4, RRS1 and SNC1 with TIR
domains of known structure, including those from flax L6 protein
(Bernoux et al., 2011) and Arabidopsis NP_177436/At1g72930
(AtTIR; Chan et al., 2010). The sequence identities of RPS4TIR,
RRS1TIR and SNC1TIR to L6TIR are 28, 16 and 36%, respectively.
The sequence identities of RPS4TIR, RRS1TIR and SNC1TIR to
AtTIR are 32, 23 and 37%, respectively. Four truncated variants each
of the RRS1 TIR domain (residues 1–148, 1–153, 6–148 and 6–153)
and the RPS4 TIR domain (residues 1–178, 1–183, 10–183 and 10–
178) were generated. For the RRS1 TIR domain, the RRS16–153
variant (comprising residues 6–153; referred to here as RRS1TIR)
was chosen for further study because of the superior protein-
expression levels achieved in E. coli and the higher purity obtained
after purification. For the RPS4 TIR domain, all four variants were
soluble and could be purified to homogeneity. Both the RPS41–183
and the RPS410–178 variants yielded crystals in sparse-matrix screens.
However, the crystals formed by RPS410–178 (referred to here as
RPS4TIR) proved easier to optimize and diffraction-quality crystals
were obtained. For the SNC1 TIR domain, the SNC18–181 variant
Figure 2
Diffraction images of RPS4TIR, RRS1TIR and SNC1TIR crystals. The X-ray diffraction images were collected on the MX2 beamline of the Australian Synchrotron (see x2
and Table 1 for details). (a) Diffraction image of the RPS4TIR crystal, (b) diffraction image of the RRS1TIR crystal (from data set 1), (c) diffraction image of the SNC1TIR
crystal.
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(referred to here as SNC1TIR) was studied and could be produced in
a soluble form in E. coli.
The optimal concentrations for the crystallization of RPS4TIR,
RRS1TIR and SNC1TIR were determined to be 10, 2 and 5 mg ml1,
respectively. Initial crystallization screening was conducted at 293 K
using 200 nl drops in 96-well plates. Crystals of RPS4TIR grew after
1 d in JCSG plus condition No. 3 consisting of 0.18 M tribasic
ammonium citrate, 20%(w/v) PEG 3350. After initial optimization
experiments in which the precipitant, salt and pH were manipulated,
the crystals remained small and fragile. In an attempt to improve
the crystal growth and morphology, we used the Additive Screen
(Hampton Research). It was observed that the addition of numerous
chloride-containing salts greatly improved the crystal morphology,
with sodium chloride achieving the best morphological appearance.
Long and thin plate-like crystals were obtained using a protein
concentration of 10 mg ml1 in a crystallization condition consisting
of 23%(w/v) PEG 3350, 0.2 M ammonium citrate pH 6.5, 0.2 M
sodium chloride at 293 K (Fig. 1a). A data set was collected for
RPS4TIR to 2.05 A˚ resolution (Table 1; Fig. 2a). The crystals of
RPS4TIR have the symmetry of space group P1 and are most likely
to contain four molecules in the asymmetric unit, corresponding to
a solvent content of 49% as calculated by MATTHEWS_COEF
(Matthews, 1968; Kantardjieff & Rupp, 2003) within the CCP4 suite
(Winn et al., 2011).
Crystals of RRS1TIR appeared after 1 d in Index condition No. 4
consisting of 0.2 M ammonium sulfate pH 7.5, 0.1 M bis-tris pH 6.5.
After optimization, tetragonal crystals were obtained in a buffer
consisting of 0.1 M bis-tris pH 7.0, 1.8 M ammonium sulfate using a
protein concentration of 2 mg ml1 at 293 K (Fig. 1b). A data set
was collected at 1.75 A˚ resolution (Table 1; Fig. 2b). The crystals of
RRS1TIR have the symmetry of space group P41212 or P43212 and
are most likely to contain one molecule in the asymmetric unit,
corresponding to a solvent content of 50% as calculated by
MATTHEWS_COEF (Matthews, 1968; Kantardjieff & Rupp, 2003)
within the CCP4 suite (Winn et al., 2011).
The RRS1 TIR domain is an atypical plant TIR domain because
it has a shorter D helical region compared with other plant TIR
domains (Fig. 3). AtTIR (Chan et al., 2010) represents the best
sequence match for the RRS1 TIR domain to any protein with known
structure, with a sequence identity of 21%. In light of the low
sequence identity and the deletion within the D helical region, we
were unsure whether molecular replacement (MR) would be suitable
for structure determination. To provide additional phase information
based on sulfur single-wavelength anomalous diffraction (SAD),
another data set was collected from the same crystal at a longer
wavelength to maximize the anomalous signal from the S atoms
(Table 1; the wavelength was chosen as a compromise to balance
radiation damage and maximizing the anomalous signal). There are
five S atoms in one molecule of the RRS1 TIR domain contributed by
one methionine residue and four cysteine residues. We do not expect
that the structure can be solved based solely on sulfur SAD data and
intend to solve the structure by a combination of MR and SAD
phasing.
The initial crystallization screens for SNC1TIR were set up with a
protein concentration of 5 mg ml1. Crystals of SNC1TIR appeared
after 1 d under several different screening conditions with PEG 3350
as precipitant, including Index condition No. 44 consisting of 0.1 M
HEPES pH 7.5, 37.5%(w/v) PEG 3350 and Index condition No. 45
consisting of 0.1 M Tris pH 8.5, 37.5%(w/v) PEG 3350. Optimization
was carried out with PEG 3350 as precipitant and MMT (l-malic acid,
MES, Tris) buffer to control the pH (Newman, 2004). The initial
crystals were long and needle-like. Thicker orthorhombic crystals
were obtained after glycerol was added to the screening solution. The
best crystals grew in 18%(w/v) PEG 3350, 9%(w/v) glycerol, 0.1 M
MMT buffer pH 7.5 with a protein concentration of 5 mg ml1 at
293 K (Fig. 1c). A data set was collected to 2.20 A˚ resolution (Fig. 2c).
The crystals of SNC1TIR have the symmetry of space group P41212
or P43212 and are most likely contain two molecules in the asym-
metric unit, corresponding to a solvent content of 53% as calculated
by MATTHEWS_COEF (Matthews, 1968; Kantardjieff & Rupp,
2003) within the CCP4 suite (Winn et al., 2011).
Structure determination of the RPS4, RRS1 and SNC1 TIR
domains is currently under way. The crystal structures will provide
new insights into the molecular details of the roles of TIR domains
during plant immune signalling and in particular any differences
between the RPS4/RRS1 dual resistance-protein system compared
with the L6 protein. Comparative studies of different R-protein TIR
domains will further shed light on the common features of the
interfaces involved in TIR–TIR domain interactions.
We thank Daniel Ericsson for help and discussion. This work was
supported by the Australian Research Council (ARC Discovery
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Figure 3
Multiple sequence alignment of TIR domains. Amino-acid sequences from the TIR domains of Arabidopsis RPS4 (residues 15–191), Arabidopsis SNC1 (10–180),
Arabidopsis RPP1-WsA (50–229), tobacco N (10–191) and Arabidopsis RRS1 (6–153) were aligned with the sequences of TIR domains with known crystal structures,
Arabidopsis AtTIR (PDB entry 3jrn; Chan et al., 2010) and flax L6 (PDB entry 3ozi; Bernoux et al., 2011), using MUSCLE (Edgar, 2004). The positions of the secondary-
structure elements in L6 are shown at the top. The alignment was formatted using ESPript (Gouet et al., 2003).
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3.1 Introduction 
 
Plant NLRs recognize cognate pathogen effectors to initiate effector-triggered immunity 
and localized plant cell death to restrict pathogen growth (Dangl et al., 2013). In 
Arabidopsis thaliana, both NLRs RPS4 and RRS1 are required to confer resistance 
against Pseudomonas syringae carrying the effector AvrRps4 and Ralstonia 
solanacearum carrying the effector PopP2, and the fungal pathogen Colletotrichum 
higginsianum (Birker et al., 2009; Narusaka et al., 2009a; Narusaka et al., 2009b). Both 
RPS4 and RRS1 carry an N-terminal Toll/interleukin-1 receptor (TIR) domain. Structural 
and functional studies on the TIR domain of flax NLR L6 demonstrate that the TIR domain 
is sufficient to initiate plant cell death signalling and homodimeriztion of the TIR domain is 
required (Bernoux et al., 2011). Overexpression of RPS4 TIR domain in plant has been 
shown to trigger effector-independent plant cell death (Swiderski et al., 2009). RRS1 has 
an atypical TIR domain with shorter α-D helical region compared with the RPS4 TIR 
domain. How the paired NLRs RRS1-RPS4 are activated and initiate defense signalling is 
largely unknown. 
 
To investigate the RRS1-RPS4 resistance system, I purified the proteins of RRS1 TIR 
domain and RPS4 TIR domain, and demonstrated the two TIR domains physically interact 
with each other. The crystal structure of RRS1 TIR domain was determined. Structure-
guided mutations in the RRS1 TIR domain were generated and shown to affect its 
heterodimeriztion with RPS4 TIR domain. These results were published together with the 
structures of RPS4 TIR domain and RRS1/RPS4 TIR-TIR complex, other interaction 
assays and in planta functional studies. 
 
 
3.2 Declaration on authorship 
 
In accordance with the University of Queensland guidelines, the methods, results and 
conclusions of this chapter are presented in the form of a peer-reviewed journal article 
published in Science. The contributions of all authors are specified in section 3.3. 
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3.3. Published peer-reviewed article 
 
Williams, S.J.*, Sohn, K.H.*, Wan, L.*, Bernoux, M.*, Sarris, P.F., Segonzac, C., Ve, T., 
Ma, Y., Saucet, S.B., Ericsson, D.J., Casey, L.W., Lonhienne, T., Winzor D.J., Zhang, X., 
Coerdt, A., Parker J.E., Dodds P.N., Kobe, B., Jones, J.D.G. (2014). Structural basis for 
assembly and function of a heterodimeric plant immune receptor. Science 344, 299-303. 
 
* Contributed equally to this work 
 
 
Contributions: 
 
This paper describes the structural basis for assembly and function of a heterodimeric 
immune receptor formed by two Arabidopsis NLRs RRS1 and RPS4. The crystal structure 
of RRS1 TIR domain was determined by myself. The GST pull-down assay was performed 
by myself. Generation of the mutants of RRS1 TIR domain and the MALS experiments 
were performed by myself to investigate the interactions with RPS4 TIR domain. Dr Simon 
J. Williams determined the crystal structure of RPS4 TIR domain and RPS4/RRS1 TIR-TIR 
complex. Dr Simon J. Williams made mutants of RPS4 TIR domain and performed the 
MALS experiments to investigate the interactions with RRS1 TIR domain. Dr Thomas Ve 
and Dr Daniel J. Ericsson helped with the crystallography on RRS1 TIR domain, RPS4 TIR 
domain and RRS1/RPS4 TIR-TIR complex. Dr Simon J. Williams performed the ITC 
assays with the help of Dr Thierry Lonhienne. Dr Simon J. Williams performed the AUC 
assays with the help of Dr Thierry Lonhienne and Dr Donald J. Winzor. Dr Kee H. Sohn 
performed all the in planta CoIP, tobacco transient expression assays and the pathogen 
growth assay with help from Panagiotis F. Sarris, Cecile Segonzac, Yan Ma, and Simon B. 
Saucet. Dr Maud Bernoux performed all the yeast-2-hybrid assays except the yeast-2-
hybrid assays involving RPP5 as control. Anne Coerdt did the yeast-2-hybrid assays 
involving RPP5 as control. Mr Lachlan W. Casey performed and analyzed the SAXS 
experiment. Miss Xiaoxiao Zhang cloned the cDNA constructs coding for the RRS1 TIR 
domain and the RPS4 TIR domain. I assisted Dr Simon J. Williams, Dr Kee H. Sohn and 
Dr Maud Bernoux in the writing of the manuscript. Dr Jonathan D. G. Jones, Professor 
Bostjan Kobe and Dr Peter N. Dodds refined the manuscript. Dr Jane E. Parker critically 
reviewed the article. 
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loss of a diversity. Most important, changes in
species composition usually do not result in a
substitution of like with like, and can lead to the
development of novel ecosystems (19). For ex-
ample, disturbed coral reefs can be replaced by
assemblages dominated by macroalgae (20) or
different coral species (21); these novel marine
assemblages may not necessarily deliver the same
ecosystem services (such as fisheries, tourism, and
coastal protection) that were provided by the
original coral reef (22).
Our core result—that assemblages are under-
going biodiversity change but not systematic bio-
diversity loss (Figs. 2 and 3)—does not negate
previous findings that many taxa are at risk, or
that key habitats and ecosystems are under grave
threat. Neither is it inconsistent with an unfolding
mass extinction, which occurs at a global scale
and over amuch longer temporal scale. The chang-
ing composition of communities that we docu-
ment may be driven by many factors, including
ongoing climate change and the expanding dis-
tributions of invasive and anthrophilic species.
The absence of systematic change in temporal a
diversity we report here is not a cause for com-
placency, but rather highlights the need to address
changes in assemblage composition, which have
been widespread over at least the past 40 years.
Robust analyses that acknowledge the complex-
ity and heterogeneity of outcomes at different
locations and scales provide the strongest case for
policy action. There is a need to expand the focus
of research and planning from biodiversity loss to
biodiversity change.
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Structural Basis for Assembly
and Function of a Heterodimeric
Plant Immune Receptor
Simon J. Williams,1*† Kee Hoon Sohn,2,6*† Li Wan,1* Maud Bernoux,3* Panagiotis F. Sarris,2
Cecile Segonzac,2,6 Thomas Ve,1 Yan Ma,2 Simon B. Saucet,2 Daniel J. Ericsson,1‡
Lachlan W. Casey,1 Thierry Lonhienne,1 Donald J. Winzor,1 Xiaoxiao Zhang,1 Anne Coerdt,4
Jane E. Parker,4 Peter N. Dodds,3 Bostjan Kobe,1,5† Jonathan D. G. Jones2†
Cytoplasmic plant immune receptors recognize specific pathogen effector proteins and initiate
effector-triggered immunity. In Arabidopsis, the immune receptors RPS4 and RRS1 are both required
to activate defense to three different pathogens. We show that RPS4 and RRS1 physically associate.
Crystal structures of the N-terminal Toll–interleukin-1 receptor/resistance (TIR) domains of RPS4
and RRS1, individually and as a heterodimeric complex (respectively at 2.05, 1.75, and 2.65
angstrom resolution), reveal a conserved TIR/TIR interaction interface. We show that TIR domain
heterodimerization is required to form a functional RRS1/RPS4 effector recognition complex. The RPS4
TIR domain activates effector-independent defense, which is inhibited by the RRS1 TIR domain
through the heterodimerization interface. Thus, RPS4 and RRS1 function as a receptor complex in
which the two components play distinct roles in recognition and signaling.
Plant immune receptors contain nucleotide-binding and leucine-rich repeat domains andresemble mammalian nucleotide-binding oligomerization domain (NOD)–like receptor(NLR) proteins (1). During infection, plant NLRproteins activate effector-triggered immunity
upon recognition of corresponding pathogen
effectors (2, 3). NLR protein activation of de-
fense mechanisms is adenosine triphosphate
dependent, causes defense gene induction, and
often culminates in the hypersensitive cell death
response (hereafter referred to as cell death)
(4–6).
In some cases, plant and animal NLRs function
in pairs to mediate immune recognition (7). For
instance, both RPS4 (resistance to Pseudomonas
syringae 4) and RRS1 (resistance to Ralstonia
solanacearum 1)NLRs are required inArabidopsis
to recognize bacterial effectors AvrRps4 from
P. syringaepv.pisi andPopP2 fromR. solanacearum
and also the fungal pathogen Colletotrichum hig-
ginsianum (8, 9). Several NLR gene pairs in rice
also function cooperatively to provide resistance to
the fungusMagnaporthe oryzae (10–14). Similarly,
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in mammals, the NLR protein NLRC4 acts with
either the NLRs NAIP5/6 or NAIP2 to activate de-
fense after recognition of flagellin or bacterial
type III secretion rod protein PrgJ, respectively
(15). Cooperative activity of immune receptor
pairs is thus common in both plants and animals
and might operate by evolutionarily conserved
mechanisms (16). To address the underlying pro-
cesses, we investigated how interaction between
Arabidopsis RPS4 and RRS1 mediates recog-
nition of their corresponding effectors. PopP2, a
YersiniaYopJ effector familymember, is an acetyl-
transferase that directly interacts with RRS1 in
the plant nucleus (17, 18). AvrRps4 is processed in
the plant cell, and its C-terminal domain triggers
RRS1/RPS4-dependent immunity (19). No direct
interaction between AvrRps4 and RRS1 has yet
been demonstrated.
RPS4 and RRS1 both carry a Toll–interleukin-
1 receptor/resistance protein (TIR) domain at their
N termini. Homo- and heterotypic interactions
between TIR domains are implicated in Toll-like
receptor signaling pathways in animals, mediat-
ing interactions between Toll-like receptors and
intracellular TIR domain–containing adaptors to
regulate immune signaling and gene expression
(20, 21). For several plant TIR-NLR proteins,
including RPS4, expression of the TIR domain
alone can activate effector-independent defense
(22), and for the TIR domain of the flax (Linum
Fig. 1. A conserved TIR/TIR domain interaction interface is involved in
hetero- and homo-dimerization between RPS4 and RRS1 TIR domains.
(A) SEC-MALS analysis of RPS4TIR, RRS1TIR, and RPS4TIR + RRS1TIR complex.
Green, orange, and teal lines indicate the trace from the refractive index
detector (arbitrary units) during SEC of RPS4TIR/RRS1TIR, RRS1TIR, and RPS4TIR,
respectively. Solid lines (equivalent coloring) under the peak correspond to the
averaged molecular weight (y axis) distributions across the peak as determined
by MALS. (B) Crystal structure of the RRS1TIR (orange) and RPS4TIR (teal)
heterodimer shown in cartoon representation. The domains form a pseudo-
symmetrical dimer with major interactions involving the aA and aE helices of
both monomers. Residues contributing to the interface are displayed in the
amino acid sequence with secondary structure elements and residue numbers
labeled (below). (C) The heterodimerization interface facing the plane of the
page. RRS1 and RPS4 rotated –90° and 90°, respectively, around the vertical
axis compared to (B), and buried residues are displayed as sticks. (D) The
position of serine and histidine residues within the heterodimerization interface.
(E) A common interface observed in the crystal packing of RRS1TIR (orange) and
RPS4TIR (teal) structures. (F) Solution properties of SH mutants as measured by
SEC-MALS, with traces, units, and calculations represented as for (A). RPS4TIR
H34A + RRS1TIR, teal; RPS4TIR + RRS1TIR H26A, orange; RPS4TIR S33A +
RRS1TIR S25A, purple. Broken green line represents the refractive index trace of
RPS4TIR/RRS1TIR as in (A). (G) Sequence logo (WebLogo 3.3) from a multiple
sequence alignment generated by the program ConSurf (34) using 150 unique
plant TIR domain sequences (20 to 40% identity to RPS4TIR). Sequence and
secondary structure elements of RPS4 are shown below the logo. Asterisks on the
sequence represent residues mutated in Fig. 1. Graphs represent residue
accessible surface area (ASA) and buried surface area (BSA) within the RPS4TIR
structure (Å2), calculated by PISA (35). (H) Surface representation of RPS4TIR
with coloring by sequence conservation from (G). Cyan and purple corresponds
to variable and conserved regions, respectively. Broken black line represents the
BSA in the homodimer. (I) Structure of RPS4TIR focusing on the common
interface, with labeled residues in stick representation. (J) Solution properties of
RPS4TIR mutants measured by SEC-MALS, with traces, units, and calculations
represented as for (A). RPS4TIR, teal; H34A, green; S33A, purple; R30A, blue.
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usitatissimum) NLR protein L6, homodimeriza-
tion is involved in defense signaling (23).
We first investigatedwhether RPS4 andRRS1
TIR domains interact. Using yeast two-hybrid as-
says (Y2H), we found that although TIR domains
of RPS4 and RRS1 self-associate weakly, they
interact more strongly with each other and do not
interact with L6 or RPP5 TIR domains (fig. S1).
We transiently coexpressed RPS4 and RRS1 TIR
domains with C-terminal hemagglutinin (HA) or
green fluorescent protein (GFP) tags inNicotiana
benthamiana leaves, and coimmunoprecipitation
also showed that they weakly self-associate but
interact more strongly with each other (fig. S1).
The RPS4 TIR (residues 10 to 178, RPS4TIR)
and RRS1 TIR (residues 6 to 153, RRS1TIR)
domains were then expressed in Escherichia coli
and purified to homogeneity (see the supplemen-
tary materials). RRS1TIR interacts in glutathione
S-transferase pull-down assays with RPS4TIR
but not with TIR domains from NLR proteins N
and L6 (N. tabacum and flax, respectively) (fig.
S1). Size-exclusion chromatography (SEC) cou-
pled with multiangle light scattering (MALS), as
well as small-angle x-ray scattering (SAXS) ex-
periments measured a molecular weight of ~37 kD
(Fig. 1A and fig. S2) for the RPS4TIR and
RRS1TIR complex, consistent with the formation
of a heterodimer. The binding affinity between
RRS1TIR with RPS4TIR was estimated to be
~435 nMby isothermal titration calorimetry analy-
sis, which also confirmed a 1:1 binding stoichi-
ometry (fig. S3). By SEC-MALS, the averaged
molecular weights of RPS4TIR and RRS1TIR
alone were 23 kD and 20 kD (Fig. 1A), respec-
tively, higher than the theoretical monomeric
molecular weights of ~20 kD and ~17 kD, and
consistent with weak self-association. Thus, the
TIR domains of RPS4 and RRS1 form a stable
and specific heterodimer but also can self-associate.
To better understand homo- and heterodi-
merization of RPS4 and RRS1 TIR domains, we
crystallized (24) and solved the structures of
RPS4TIR and RRS1TIR individually (Fig. 1, B
to E, and fig. S4). Covalently linking the protein
chains of RPS4TIR and RRS1TIR through a five-
residue linker (designated RRS1/RPS4TIR) en-
abled cocrystallization. The structures of RPS4TIR,
RRS1TIR, and RRS1/RPS4TIR were determined
at 2.05, 1.75, and 2.65 Å resolution, respectively
Fig. 2. RPS4 TIR domain–induced cell-death signaling is dependent on the conserved TIR/TIR
domain interface. (A) Mutations in the SH motif abolish RPS4 TIR domain–induced hypersensitive
response (HR). (B) The R30A mutation enhances HR-inducing activity of RPS4 TIR domain. (C) The H34A
mutation abolishes RPS4(1-250) TIR domain (R30A)–induced HR. (D) RRS1 TIR domain (R1) suppresses
RPS4(1-235) TIR domain (R4)–induced HR. Mutations in the SH motif of RRS1 TIR domain abolish the
suppression activity. Agroinfiltration assays were performed in 4- to 5-week-old N. tabacum leaves, and
images were taken at 2 to 5 days after infiltration. The superscripted numbers in (B) indicate inoculum
densities (A600) of Agrobacteria.
Fig. 3. Mutations that disrupt the RRS1/RPS4 TIR domain dimer
abolish the recognition of AvrRps4 and PopP2. (A) The SH motif of RPS4
(R4) and RRS1 (R1) is fully or partially required for recognition of AvrRps4 (A4)
or PopP2 (P2), respectively, in N. tabacum agroinfiltration assays. The indicated
C-terminally epitope-tagged RRS1 (Flag), RPS4 (HA), AvrRps4 (GFP), and
PopP2 (GFP) proteins were transiently expressed in N. tabacum leaf cells using
agroinfiltration. The images were taken at 3 dpi. (B) PopP2-triggered HR is
abolished by mutations in the SH motif in the transgenic Arabidopsis (Col-0)
line carrying gRRS1Ws2. PopP2 variants were delivered from Pf0-1(T3S) into
leaves of 5-week-old Arabidopsis plants. PopP2C321A represents a catalytic
inactive mutant of PopP2 that is not recognized by a resistant RRS1 allele (18).
Red arrow indicates HR induced by PopP2. The images were taken at 22 hours
after infiltration. This experiment was repeated twice. (C) Transgenically
expressed gRRS1Ws2 carrying SH-AAmutation does not confer resistance to Pto
DC3000 (PopP2). PopP2 variants were delivered from Pto DC3000 and the
bacterial colonies were recovered at 4 dpi.
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(table S1). The RPS4TIR globular fold comprises
a five-stranded parallel b sheet (bA to bE) sur-
rounded by five a-helical regions (aA to aE). In
RRS1TIR, the aD-helical region consists of only
one helix, in contrast to three observed inRPS4TIR,
AtTIR (TIR domain-containing proteinAT1G72930
fromA. thaliana) (25), and L6 TIR domains (23),
consistent with a 22–amino acid deletion in RRS1
(fig. S4).
In the RRS1/RPS4TIR crystal, the largest het-
erodimeric interface involves residues within the
aA and aE helices and EE loops of RPS4TIR and
RRS1TIR and theDD loop of RRS1TIR (Fig. 1B).
This interface is observed twice within the asym-
metric unit of the RRS1/RPS4TIR crystal, which
consists of two chains of the linked proteins (fig.
S5). Surface-exposed residues in RPS4TIR and
RRS1TIR contribute to a combined total buried
surface area of ~1300 Å2 in the heterodimer (Fig.
1C), containing a network of side-chain/side-chain
and backbone/side-chain hydrogen bonds (fig.
S6). The core of the interface is stabilized by a
stacking interaction between histidine residues
RPS4 His34 and RRS1 His26 (Fig. 1D). In both
proteins, a conserved serine that precedes the
histidine within the aA helix forms backbone
hydrogen-bonding interactions with a conserved
serine in the aE helix of the interacting protein
(fig. S6). The adjacent serine and histidine residues
(the SH motif) provide complementary stacking
and hydrogen-bonding interactions that stabilize
the heterodimer (Fig. 1D).
SAXSdatawere collected on both theRRS1TIR/
RPS4TIR heterodimer and the linked (RRS1/
RPS4TIR) construct, and scattering profiles sug-
gested that their behavior in solution was similar
(fig. S7). Furthermore, the calculated scattering
of the crystallographic dimer was consistent with
data from the heterodimer (fig. S7). Thus, the
linked RRS1/RPS4TIR protein resembles the het-
erodimer in solution.
An identical interface to that observed in the
RRS1/RPS4TIR heterodimer is also present in
the crystal structures of RRS1TIR and RPS4TIR
alone (Fig. 1E). The SH motif again forms stack-
ing and hydrogen-bonding interactions; how-
ever, the RRS1/RPS4 TIR domain heterodimer
interface involves amino acids that are more
complementary (fig. S8). This common interface
involves different regions of the TIR domain
compared to the proposed L6 dimerization in-
terface (23), but an identical interface is observed
in the crystal packing of the AtTIR (25) (fig. S9).
A multiple sequence alignment of plant TIR do-
mains highlights the conservation of the resi-
dues corresponding to Ser33 and His34 in RPS4
(Fig. 1G). Mapping of this sequence conser-
vation onto the surface of RPS4TIR reveals a
patch with the conserved His residue in its center
(Fig. 1H).
To investigate the role of specific amino acids
in RPS4 and RRS1 TIR domain homo- and het-
erodimerization, we generated mutations in the
interface. In Y2H assays, mutation of residues
within the dimeric interface prevents RRS1/RPS4
TIR domain interaction (fig. S10). By SEC-MALS,
the most significant effect on heterodimerization
is caused by alanine substitutions of the SHmotif
(Fig. 1F and fig. S11). Single-residue mutations
of the RPS4TIR H34A or RRS1TIR H26A and a
double mutation of RPS4TIR S33A/RRS1TIR
S25A completely destabilized the TIR/TIR do-
main heterodimer (Fig. 1F). No interaction could
be detected between RRS1TIR and RPS4TIR
H34Aby isothermal titration calorimetry analysis
(fig. S3). Mutation of the SH motif in RPS4 also
prevents self-association interactions in Y2H as-
says (fig. S10). Although weak self-association
ofwild-typeRPS4TIR is observed by SEC-MALS,
the S33A and H34A mutants run as monomers
(Fig. 1J). Close inspection of the RPS4 TIR do-
main homodimer interface suggested that the ar-
ginine at position 30 likely destabilizes homomeric
interactions (Fig. 1I). Mutation of this arginine to
an alanine (R30A) results in stronger self-association
of RPS4TIR by SEC-MALS (measured ~33 kD)
and Y2H assays (Fig. 1J and fig. S10). Sedimen-
tation equilibrium experiments using analytical
ultracentrifugation demonstrated that at 15 mM,
RPS4TIR R30A completely dimerized, whereas
wild-type RPS4TIR formed an equilibratingmix-
ture of monomer and dimer, with an estimated
dimerization constant of 13,000M−1 (Kd ~77 mM),
further corroborating SEC-MALS experiments
(fig. S12). Dimerization of RPS4 R30A was
only observed when the His34 was maintained
(fig. S13).
The TIR domain–containing N-terminal re-
gion of RPS4(1-236) activates effector-independent
cell death in tobacco (22, 26); this was completely
abolished by the S33A, H34A, and S33A/H34A
mutations (Fig. 2A and fig. S14). We performed
Fig. 4. Full-length RRS1 and RPS4 proteins interact with
each other independent of the SH motif and the correspond-
ing avirulence effectors. (A) Full-length RRS1/RPS4 interaction
is not altered by Ala substitutions in SH motif or in the presence
of AvrRps4 or PopP2. (B) Coimmunoprecipitation analysis of
RRS1 variants and AvrRps4 or PopP2. The indicated proteins
were transiently expressed in N. benthamiana leaf cells by agroinfiltration. Total protein extracts were used for coimmunoprecipitation and immunoblot
analyzes. R and S indicate resistant and susceptible alleles, in Ws2 and Col-0, respectively, for RRS1. Mutations in the SH motif (SH-AA) have been introduced in
RRS1 (Ws-2) and RPS4 (No-0) resistant alleles.
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agroinfiltration of serially diluted RPS4 TIR do-
main and R30Avariants in N. tabacum leaves. A
stronger cell death was induced by the R30Avar-
iant than the wild-type protein at 0.02 inoculum
density (A600) (Fig. 2B and fig. S14), and the
R30A/H34A double mutant was unable to induce
cell-death (Fig. 2C), suggesting that homodimeri-
zation of RPS4 TIR domain is required for cell
death signaling.
Transient expression of RRS1 TIR domain
does not cause cell death in N. tabacum (Fig. 2D
and fig. S14). However, coexpression of RRS1
TIR domain suppressed RPS4 TIR domain-
induced cell death, whereas the S25A/H26A loss-
of-heterodimerization variant of RRS1 TIR domain
did not (Fig. 2D and fig. S14). Because the hetero-
dimeric interaction between RPS4 and RRS1 TIR
domains is stronger than homomeric interactions,
this suggests that the heterodimer is inactive in
signaling and outcompetes the formation of the
active RPS4 TIR domain homodimer.
To determine whether the SH motif and TIR/
TIR domain heterodimerization are required for
effector-triggered immunity, we coexpressed full-
length RRS1 and RPS4 with AvrRps4 or PopP2
effectors (or controls) inN. tabacum by agroinfiltra-
tion (Fig. 3A).Mutations of the conserved histidine
and serine/histidine (SH-AA double mutant) in
either RPS4 or RRS1 abolished AvrRps4-triggered
RRS1/RPS4-dependent cell death. Although these
mutations in the individual proteins had little effect
on cell death triggered by PopP2, reduced PopP2-
triggered immunity was observed when SH-AA
mutants of both RPS4 andRRS1were coexpressed
(Fig. 3A). In susceptibleArabidopsis (Col-0), trans-
genically expressed wild-type but not SH-AA
mutant RRS1-Ws-2 confers recognition of PopP2
(Fig. 3, B and C, and fig. S15), demonstrating that
TIR domain heterodimerization is required to
form a functional complex to recognize AvrRps4
and PopP2.
To investigate whether RRS1 and RPS4 pro-
teins interact in planta, we transiently expressed
RPS4-HA andRRS1-Flag tag variants, with or with-
outAvrRps4-GFPorPopP2-GFP, inN.benthamiana
leaves (Fig. 4). TheArabidopsisTIR-NLRprotein
RPP1 (resistance to Peronospora parasitica 1) pro-
vided a negative control. RPS4-HA, but not RPP1-
HA, coimmunoprecipitate with RRS1-Flag (Fig.
4A). SH motif mutations in RPS4 and/or RRS1
TIR domains do not abolish RRS1/RPS4 interac-
tions, suggesting that other domains also contrib-
ute to the interaction.
RRS1/RPS4 interaction is independent of the
effectors (Fig. 4A). For AvrL567/L6, ATR1/RPP1,
and AvrM/M (23, 27, 28), effector/NLR interac-
tion correlates with activation of defense. How-
ever, PopP2 interacts in the nucleus with both
susceptible (Col-0) and resistant (Nd-1) forms of
RRS1 (17). Several other resistant accessions
(Ws-2 andNo-0) were reported (9, 29). BothRRS1
(Col-0) and RRS1 (Ws-2) coimmunoprecipitate
with PopP2 in N. benthamiana (Fig. 4B). How-
ever, the interactions between PopP2 and RRS1
or RRS1 + RPS4 were stronger in combinations
that do not activate defense [RRS1 (Col-0), RRS1
SH-mutant, PopP2 inactive mutant, or in the
absence of RPS4] (Fig. 4B and fig. S16).
AvrRps4 also interacts strongly with RRS1 in
the presence or absence of RPS4, and the in-
teraction between RRS1 and AvrRps4 is not af-
fected by an RRS1 SH-AA mutation (Fig. 4B).
Mutations in the P-loop motif of many NLR
proteins disturb nucleotide binding and abolish
function (4). The RPS4 NB domain P-loop mu-
tation (K242A) abolished recognition of AvrRps4
and PopP2 in transient assays in N. tabacum
without affecting protein accumulation (figs. S17
and S18). By contrast, an RRS1 P-loop mutation
(K185A) did not attenuate AvrRps4 or PopP2-
triggered cell death (fig. S18).
Because TIR/TIR domain interactions have
previously been difficult to define structurally
(30), our data may have broad implications for
understanding TIR domain function across phyla.
Current models of plant NLR protein activation
imply that effector perception leads to considerable
domain reorganization and formation of oligo-
meric forms (31). Rather than effector-induced
disassociation of RRS1 and RPS4 proteins, rear-
rangements within a preformed RRS1/RPS4 com-
plex, culminating in stabilization of an RPS4 TIR
domain homodimer, likely distinguish the preacti-
vation complex from its activated state. Domains
in RRS1 and RPS4 other than the TIR domain are
also likely to hold or bring the complex together
and mediate its effector-dependent reconfigura-
tion.Nucleotide-binding or exchange byRPS4, but
not RRS1, is required for a functional NLR resist-
ance complex. Thus AvrRps4 or PopP2 recogni-
tion is accomplished by an RRS1/RPS4 complex,
distinct from indirect recognition of effectors by
other plant NLR proteins (32, 33). We propose
that upon effector binding, defense activation re-
quires the release of RPS4 TIR domain inhibition
by the RRS1 TIR domain, allowing formation of
a signaling-competent RPS4 TIR domain homo-
dimer (fig. S19).
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Materials and Methods 
Plasmid construction and yeast-2-hybrid assays 
Yeast-two-hybrid plasmids were constructed by Gateway cloning (Invitrogen). TIR 
domains of RPS4 (1-183), RRS1 (1-155) and RPP5 (1-194) were PCR-amplified from 
Arabidopsis cDNA (ecotype Col-0). PCR products flanked by the attB sites were 
recombined into pDONR207 (Invitrogen). Mutations were introduced in pENTR-RPS4 
(1-183) and pENTR-RRS1 (1-155) and then recombined into Gateway-compatible yeast-
two-hybrid vectors derived from pGADT7 and pGBKT7 (Clontech) (23). All constructs 
were verified by sequencing. Yeast transformation and growth assays were performed as 
described in the Yeast Protocols Handbook (Clontech). 
 
Plasmid construction and Agrobacterium-mediated transient or stable expression assay 
Genomic fragments of RPS4 (encoding the N-terminal amino acids 1-250 or 1-235) 
and RRS1 (encoding the N-terminal amino acids 1-250 and 1-175) were PCR-amplified 
from Arabidopsis genomic DNA (ecotype Ws-2). The resulting PCR fragments were 
cloned into the pCR8 (Invitrogen) Gateway entry vector and the sequences were verified. 
The full-length genomic RRS1 construct (pCR8:gRRS1-Ws-2 and pGWB10:gRRS1-Ws-
2:Flag) used for Fig. 4C was described previously (36). Site-directed mutagenesis 
(Agilent) of pCR8 constructs was performed to generate RPS4 and RRS1 variants 
carrying Ala mutations at the SH motif and Arg30. Subsequently, LR cloning was used to 
generate binary constructs in pBAV154 (35S promoter and C-HA) and pK7FWG2 (35S 
promoter and C-GFP) backgrounds for Agrobacterium-mediated transient expression 
(agroinfiltration) and pGWB10 (native promoter and C-Flag) for stable Arabidopsis 
transformation. 35S:RPP1:Flag construct was a gift from Brian Staskawicz. For 
35S:AvrRps4:GFP and 35S:PopP2:GFP constructs, the full-length AvrRps4 and PopP2 
were PCR-amplified from bacterial DNA and cloned at ClaI and BamHI sites of 
EpiGreenB5 carrying GFP. Genomic fragments of full-length RPS4 (4 fragments) and 
RRS1 (7 fragments) were PCR-amplified with primers containing 4bp specific overhangs 
and BsaI recognition sequence and cloned into the pCR8 vector. The resulting pCR8 
constructs were subsequently used for Golden Gate assembly in pICH86988 (a gift from 
Sylvestre Marillonnet). C-HA and C-His-Flag tags were introduced into RPS4 and 
RRS1constructs, respectively. 
For agroinfiltration in Nicotiana tabacum (cell death) and Nicotiana benthamiana 
(co-immunoprecipitation), Agrobacterium tumefaciens strain AGL1 was transformed 
with various binary constructs by electroporation. Leaves of 5-6 weeks old N. tabacum 
and N. benthamiana plants were agroinfiltrated (A600=0.2-0.4) by using a 1-mL syringe. 
Photos for cell death were taken at 2-3 dpi. The infected leaf samples for total protein 
extraction and co-immunoprecipitation were taken at 2 dpi. For stable transformation of 
Arabidopsis (Col-0) with genomic RRS1-Ws-2 (SH-AA):Flag, standard flora dip method 
was used (37). 
 
Pseudomonas fluorescens Pf0-1 HR and Pseudomonas syringae pv. tomato DC3000 
growth assays 
To express PopP2 variants and deliver from Pseudomonas fluorescens Pf0-1 
engineered to carry type III secretion system (Pf0-1 (T3S)) or Pseudomonas syringae pv. 
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tomato (Pto) DC3000, a part of PopP2 (encoding 149-488 amino acids) was cloned in 
Gateway-compatible pEDV vector (38). Pf0-1 (T3S) strain carrying pEDV:PopP2 (WT 
or C321A)  was generated by standard triparental mating. For HR assay in Arabidopsis 
leaf cells, Pf0-1 (T3S) strains freshly grown on King’s B agar plate containing 
appropriate antibiotics (chloramphenicol 30 µg/mL, tetracycline 5 µg/mL and gentamicin 
20 µg/mL) were harvested and prepared (A600=0.2) for inoculation. In planta Pto DC3000 
growth assay was performed by infiltrating leaves of 4-5 weeks-old Arabidopsis plants 
with bacterial suspension (A600=0.001) using 1mL needless syringe. The infected leaves 
were sampled at 4 dpi to recover the colonies that are resistant to rifampicin (50 µg/mL) 
and gentamycin (20 µg/mL). 
 
Immunoblot and co-immunoprecipitation analyses 
Detailed methods for immunoblot analyzes and co-immunoprecipitation 
experiments following agroinfiltration in N. benthamiana leaves were described 
previously (36). 
 
RRS1 expression in Col-0/RRS1pro:RRS1Ws-2 transgenic lines 
Total RNAs were extracted from 4 week-old Col-0, Ws-2, rrs1-3, Col-
0/RRS1pro:RRS1
Ws-2 and Col-0/RRS1pro:RRS1
Ws-2/SH Arabidopsis plants using TRI reagent 
(Invitrogen) and first strand cDNA was synthetized from 5 μg RNA using Maxima First 
Strand cDNA Synthesis kit (ThermoScientific), according to the manufacturers’ 
instructions. The last 158 nucleotides of RRS1 exon 7 were amplified by semi-
quantitative RT-PCR with the following primers: F-5’-GAAACGCGGCTGTCTTGTTT-
3’ and R-5’-CGAAATAATCGAAGAATGTT-3’. Ef1α (At5g60390) was amplified as a 
reference with the following primers: F-5’-CAGGCTGATTGTGCTGTTCTTA-3’ and 
R-5’-GTTGTATCCGACCTTCTTCAGG-3’. 
 
Cloning, expression, protein purification and crystallization 
RPS4 TIR domain (residues 10-178, designated RPS4TIR) and RRS1 TIR domain 
(residues 6-153, designated RRS1TIR) were PCR-amplified from Arabidopsis cDNA 
(ecotype Col-0). RPS4TIR, RRS1TIR and their mutant derivatives were expressed in 
Escherichia coli Rosetta (DE3) cells and purified by Ni affinity chromatography 
followed by TEV-protease cleavage and size-exclusion chromatography as described 
previously (24). Overlapping PCR methods were used to generate the fusion protein of 
RRS1 and RPS4 TIR domains, connected by a 5-residue linker (RRS1 (residues 6-153) –
GSGGS- RPS4 (residues 10-178); designated RRS1/RPS4TIR), which was also cloned 
into the pMCSG7 expression vector. RRS1/RPS4TIR was expressed in E. coli Rosetta 
(DE3) cells using auto-induction media (39) containing 100 µg/mL ampicillin for 
plasmid selection. Cells were grown by continuous shaking at 37°C until the OD600nm 
reached 0.6–0.8. The temperature was then dropped to 20°C. The cells were further 
grown at this temperature for 18 hours before harvesting by centrifugation. The cells 
expressing RRS1/RPS4TIR were resuspended in the lysis buffer containing 50 mM 
HEPES (pH 8.0), 150 mM NaCl and 1 mM DTT. The cells were lysed using sonication 
and the resulting supernatant was applied to a 5-mL HisTrap FF column (GE Healthcare). 
The column was washed with the lysis buffer containing 30 mM imidazole to remove 
proteins bound non-specifically, and the bound protein was eluted using a linear gradient 
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of imidazole from 30 to 250 mM. Fractions containing the protein of interest were pooled 
and the N-terminal 6xHis tag was removed by overnight treatment with His-tagged TEV 
protease at 4°C. The cleaved protein was reapplied to the HisTrap FF column to remove 
the TEV protease and other contaminants. Unbound material was collected, concentrated 
and loaded onto a Superdex 75 HiLoad 26/60 gel-filtration column (GE Healthcare) pre-
equilibrated with the gel filtration buffer containing 10 mM HEPES (pH 7.50), 150 mM 
NaCl and 1 mM DTT. Both monomeric and dimeric forms of the linked proteins existed 
in solution. The peak fractions were pooled and concentrated to a final concentration of 5 
mg/mL. Protein was stored in aliquots at -80°C for future crystallization studies. 
Crystallization and X-ray data collection of the RPS4TIR and RRS1TIR proteins 
were performed as described previously (24). Crystals of the RRS1/RPS4TIR protein 
were initially obtained by hanging-drop vapor diffusion after 12-24 hours in a customized 
sodium malonate screen, and the condition consisted of 1.9 M sodium malonate at pH 
6.0. The best quality crystals were obtained from the monomeric form of the linked 
complex. Grid-screening was used to obtain hexameric crystals with dimensions 150 x 
150 x 40 µm in 1.8 M sodium malonate pH 6.0. Crystals were transferred to 1.8 M 
sodium malonate pH 6.0 and 10% glycerol, prior to flash-cooling in liquid nitrogen. X-
ray diffraction data were collected from a single RRS1/RPS4TIR crystal at the Australian 
Synchrotron MX2 beamline using a wavelength of 0.9539 Å, with an ADSC Quantum 
315r CCD detector. The crystal-to-detector distance was set to 400 mm and the 
oscillation range was 0.5°. Data were collected using the Blu-Ice software (40), indexed 
and integrated using XDS (41) and scaled with AIMLESS within the CCP4 suite (42). 
 
Structure determination 
The structure of RPS4TIR was solved by molecular replacement (MR) using Phaser 
(43) and the L6 TIR domain structure (PDB ID 3ozi) (23) as a template. The structure of 
RRS1TIR was solved by MR using Phaser combined with single wavelength anomalous 
diffraction (SAD) of sulfur atoms analyzed by Autosol within the Phenix software 
package (44). Two datasets were collected for RRS1TIR at wavelengths 0.9537 Å 
(dataset 1) and 1.3776 Å (dataset 2). The initial phases for RRS1TIR were obtained by 
MR using RRS1TIR dataset 2 with RPS4TIR structure (with residues 102-148 that 
correspond to the αD helical region removed) as a template. Then the best model from 
Phaser (with rotation-function Z score (RFZ) and translation-function Z score (TFZ) as 
4.0 and 7.6, respectively) was used in Autosol (Phenix package) to locate sulfur atoms 
and improve phases. Further refinement was performed using the higher-resolution 
dataset 1. The structure of RRS1/RPS4TIR was solved by MR using Phaser (43) and the 
RPS4TIR and RRS1TIR structures as templates. Automatic model building was 
performed with ARP/wARP (45) and AutoBuild implemented in Phenix (44). The 
resulting model was refined using Phenix.refine (44) and iterative model building 
between rounds of refinement was carried out in Coot (46). Structure validation was 
performed using MolProbity (47). Coordinates and structure factors have been deposited 
in the Protein Data Bank with the IDs 4c6r for RPS4TIR, 4c6s for RRS1TIR, and 4c6t for 
RRS1/RPS4TIR. Structure analysis was performed with Coot (47), PyMOL (Delano 
Scientific), PISA (35), Dali (48), APBS (49) and Consurf (34). 
 
Glutathione S-transferase (GST)-assisted pull-down assay 
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The DNA corresponding to RRS1TIR was cloned into the pMCSG10 vector to 
encode an N-terminal 6xHis-GST tag, using the same approach as described previously 
for cloning into the pMCSG7 vector (24). GST-RRS1TIR was purified as described 
previously for RRS1TIR (24). 50 μL of pre-washed (10 mM HEPES (pH 7.4), 150 mM 
NaCl and 1 mM DTT) glutathione agarose (Scientifix) was added to 300 μg bait protein 
(GST-RRS1TIR or GST) and incubated for 1 hour at 4°C with gentle agitation. The 
glutathione agarose was washed twice with the equilibration buffer to remove unbound 
proteins. 300 μg of a prey protein (RPS4TIR(10-178), L6TIR(1-181), or NTIR(1-181)) was 
added to the glutathione agarose bound to GST-RRS1TIR or GST and incubated for 2 
hours as above, followed by two washing steps. Bound proteins were eluted by the 
addition of 50 μL of SDS-PAGE buffer (225 mM Tris (pH 6.8), 50% v/v glycerol, 5% 
w/v SDS and 0.05% w/v bromophenol blue and 250 mM DTT) and boiling. Proteins 
were separated by SDS-PAGE and visualized by Coomassie blue staining. 
 
Size-exclusion chromatography (SEC)-coupled multi-angle laser light scattering (MALS) 
SEC was performed using a Superdex 75 10/300 (GE Life Sciences) with a 10 mM 
HEPES (pH 7.5), 150 mM NaCl and 1 mM DTT. SEC-MALS was performed using an 
inline WTC-030N5 or WTC-030S5 SEC column (Wyatt Technology) combined with a 
Dawn Heleos II 11-angle light-scattering detector coupled with an Optilab TrEX 
refractive index detector (Wyatt Technology, Santa Barbara, CA, USA). All experiments 
were conducted at room temperature at a flow rate of 0.2 mL/min in SEC buffer, as 
above. The injected sample volume was typically 60 μL of 6 nmol (when one protein was 
present) or 12 nmol (when two proteins were present) of protein (unless otherwise 
indicated in figure legend). Molecular mass calculations were performed using the 
Astra6.1 software (Wyatt Technology). Input of the refractive increment (dn/dc values) 
was set at 0.186 in the molecular mass calculations, based on the premise that dn/dc is 
constant for unmodified proteins (50). The molecular mass was determined across the 
protein elution peak. 
 
Small-angle X-ray scattering (SAXS) data collection and analysis 
Purified RPS4TIR/RRS1TIR heterodimer and linked RPS4TIR/RRS1TIR were 
thawed and gel-filtered in a buffer containing 10 mM HEPES (pH 7.50), 150 mM NaCl 
and 1 mM DTT, at 4 °C. Concentrations were obtained by UV absorbance at 280 nm. 
Data was collected at the SAXS/WAXS beamline of the Australian Synchrotron, on a 
Pilatus 1M detector at a sample-to-detector distance of 1.6 m and a wavelength of 
1.12713 Å, yielding a range of momentum transfer 0.011 < q < 0.500 Å, where q = 
4π.sin(θ)/λ. For the heterodimer, a fourfold dilution series was prepared using the post-
peak gel-filtration buffer. For linked RRS1/RPS4TIR, data was collected at a single 
concentration. For each sample, 90 μL was injected through a 1.5-mm-diameter quartz 
capillary at 298 K, at a rate of 1 μL/s and capturing images every 1 s. Data reduction and 
subtraction was performed using scatterBrain 
(http://www.synchrotron.org.au/index.php/aussyncbeamlines/saxswaxs/software-
saxswaxs). Consistent, successive exposures were normalized to transmitted intensity, 
reduced, scaled to absolute intensity using pure water, averaged and buffer-subtracted. 
The ATSAS 2.5 software package was used for subsequent analyzes (51, 52). Guinier 
analysis was performed for q.Rg <1.3 using AUTORG in PRIMUS (53), and data sets 
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were examined for concentration dependence and linearity. P(r) distributions were 
obtained for all constructs by indirect transformation in GNOM (54), informed by 
AUTOGNOM. Molecular weights were estimated from the P(r) distributions using 
SAXSMoW (55). The highest concentration dataset for the heterodimer was used in 
comparison and modelling. Ab inito models were generated from 16 DAMMIF (56) runs 
without symmetry restraints. These were clustered and averaged in DAMAVER (57). 
Theoretical scattering was calculated from atomic models using FoXS (58, 59). Missing 
termini were added to the protein using the loop-building routines in MODELLER (60) 
independently from the SAXS data. The A and B chains of the rebuilt model were then 
compared back against the scattering. 
 
Isothermal titration calorimetry (ITC) 
Experiments were carried out using the iTC200 system (Microcal) at 25°C. Proteins 
were prepared in 10 mM HEPES (pH 7.5), 150 mM NaCl and 1 mM TCEP. Typically, 
240 µM of RRS1TIR was titrated with 21 µM of RPS4TIR or RPS4TIR (H34A) and 
buffer only. One, 1 µl and 18, 2 µl injections were used with 1.5 min injection intervals. 
After fitting the integrated peaks, KD and stoichiometery values were determined for 
RRS1TIR/RPS4TIR interaction using the Origin program (OriginLab). 
 
Analytical ultracentrifugation (AUC). 
RPS4TIR and RPS4TIR R30A mutant proteins were dialyzed overnight at 4 °C in 
the presence of 10 mM Hepes (pH 7.0), 1 mM DTT, and 150 mM NaCl. Protein 
concentration was determined using Direct DetectTM spectrophotometer (Merck). 15 µM 
of protein solutions were centrifuged to sedimentation equilibrium in a Beckman XL-I 
analytical ultracentrifuge operating at 4 °C. The rotor speed was used at 273,000 and 
34,000 rpm to obtain sedimentation equilibrium distributions of meniscus-depletion 
design (61). SENDTERP software (http://bitcwiki.sr.unh.edu/index.php/Main_Page) was 
used to determine the density, (ρ = 1.0052), of the solvent (diffusate from the dialysis 
step) and the partial specific volume of RPS4TIR and RPS4TIR R30A mutant (v =0.735 
ml g−1) calculated from the amino acid composition. Equilibrium distributions were 
routinely analyzed by the SEDPHAT procedure (62) for a single species system. Direct 
analysis of the distributions for RPS4TIR by means of the psi parameter (61) was used to 
explore the potential for self-association of the RPS4TIR monomer.  
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Fig. S1. 
RRS1 and RPS4 TIR domain homo- and heterodimerization. (A) In yeast: left panel, 
growth of yeast cells expressing GAL4-AD and GAL4-BD fusions of RRS1(1-155) 
and/or RPS4(1-183) TIR domains on non selective (-WL) or selective (-HWL) media. 
The L6(29-233) TIR domain was used as a control. (B) Immunoblot detection of GAL4-
AD and BD fusions of RRS1, RPS4, and L6 TIR domains. Proteins were detected with 
anti-HA (GAL4-AD fusions) and anti-Myc (GAL4-BD fusions) antibodies. Protein 
loading is indicated by Amido Black staining. (C) Yeast 2-hybrid interaction assay of 
GAL4-AD and GAL4-BD fusions of RRS1(1-155), RPS4(1-183) and RPP5(1-194) TIR 
domains on non-selective (-WL) and selective media (-AWL). (D) Immunoblot detection 
of GAL4-AD and BD fusions of RRS1, RPS4, and RPP5 TIR domains. Proteins were 
detected with anti-HA (GAL4-AD fusions) and anti-Myc (GAL4-BD fusions) antibodies. 
(E) Co-immunoprecipitation of RPS4 and RRS1 TIR domains. The C-terminally epitope-
tagged (HA or GFP) RPS4(1-250) and RRS1(1-250) were transiently expressed by 
agroinfiltration in N. benthamiana leaf cells, followed by co-immunoprecipitation using 
anti-HA antibodies. (F) Co-immunoprecipitation of RPS4, RRS1 and L6 TIR domains. 
(G) GST-tagged RRS1 interacts with RPS4. Coomassie-stained gel of a GST pull-down 
experiment involving GST-RRS1(6-153) and untagged N(1-181), L6(29-229) and 
RPS4(10-178) TIR domains.
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Fig. S2 
Particle size analysis from SAXS. The RRS1/RPS4TIR domain heterodimer was 
measured across a concentration series, and the calculated radii of gyration (Rg) and 
molecular weights (MW) are plotted as black and purple diamonds, respectively. The 
series appears free from concentration dependence. The RRS1/RPS4TIR linked construct 
was measured at a single concentration, and its Rg and MW are shown as dark and light 
green diamonds, respectively. The predicted MW of the heterodimer is shown as a purple 
dotted line. The averaged size and weight of the linked construct are slightly larger than 
that of the complex, with Rgs of 27.7 Å vs 24.8 Å and MWs of 39.3 kDa vs 37.4 kDa for 
7 mg/mL linked construct and 10 mg/mL complex, respectively. The theoretical MW of 
the RRS1/RPS4TIR linked construct is ~350 Da bigger than the RRS1/RPS4 heterodimer 
complex. These properties have been calculated from the P(r) transformations shown in 
fig. S6 below. 
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Fig. S3 
Binding affinity of RRS1TIR for RPS4TIR using ITC. Binding isotherm from RRS1TIR 
titrated into Buffer (A), RPS4TIR H34A (B) and RPS4TIR (C). Kd and stoichiometry for 
this specific experiment are shown. Kd reported in the main text of 435 ± 24 nM is the 
result of three independent titration experiments.
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Fig. S4 
Structures of RRS1 and RPS4 TIR domains and structural comparison. (A) Ribbon 
drawing of the structure of RRS1TIR domain (orange, left) and RPS4TIR domain (teal, 
right). The secondary structure element nomenclature follows the one used for the L6 
TIR domain (23). (B) Structural alignment of RRS1 and RPS4 TIR domains (prepared by 
Dali-pairwise alignment (48)) formatted using ESPript (64). The positions of the 
secondary structure elements in RRS1 and RPS4 are shown at the top and bottom, 
respectively. Strictly conserved residues are indicated in white letters with a red box and 
similar residues are indicated in red letters with a white box. The deletion in the αD 
helical region of RRS1 is boxed. (C) Superposition of the structures of RRS1TIR 
(orange) and RPS4TIR (teal) revealed an overall Cα RMSD value of 2.6 Å over 129 
residues. The αD-helical region is labeled.
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Fig. S5 
RRS1/RPS4TIR structure. (A) SDS-PAGE Coomassie stained gel of the purified 
RRS1/RPS4TIR protein. (B) SEC-MALS analysis of RRS1/RPS4TIR. Black line 
indicates the trace from the refractive index detector (arbitrary units) during SEC. Solid 
green lines under the peak correspond to the averaged molecular weight (Mw; y axis) 
distribution across the peak, as determined by MALS. Both monomer and dimer forms of 
the linked construct were observed in solution (measured at 43 kDa and 74 kDa; 
theoretical Mw for a monomer and dimer forms correspond 37 kDa and 74 kDa, 
respectively). (C) The asymmetric unit of the RRS1/RPS4TIR structure in cartoon 
representation. Boxes outline the RPS4-RRS1 TIR domain heterodimer observed in the 
structure. The structures of the individual TIR domains within the RRS1/RPS4 TIR 
domain heterodimer had RMSD values of 0.8 and 0.7 for the RPS4 and RRS1 TIR 
domains, respectively, indicating that the overall conformations of the individual proteins 
within the complex remained unchanged.  (D) 11 residues of the RRS1/RPS4TIR protein 
that are not observed in the electron density (underlined) from RRS1 (orange), the linker 
(dark blue) and RPS4 (teal). (E) Distances between RRS1 and RPS4 TIR domain N- and 
62
 
 
12 
 
C-termini within the crystal asymmetric unit. (F) The interface between two 
RRS1/RPS4TIR domain heterodimers as it appears in the crystal asymmetric unit. In one 
dimer, illustrated with alpha-helices as ribbons, the linker has been modelled, showing 
that it is feasible that it could span the distance between the two linked termini in 
solution. In the crystal packing, however, this organization is unlikely due to clashes with 
the adjacent dimer, illustrated with α-helices as cylinders. (G) The shortest distance a 
linker would need to traverse to connect RRS1 and RPS4 TIR domains in the crystal if 
unobstructed. A 2Fo-Fc electron density map contoured at 1 σ is shown in pink. Residues 
that cannot be built with any certainty are shown as thin sticks. A helix from a symmetry-
related RPS4 moiety is visible as a teal Cα trace. We favor the conclusion that the 
heterodimerization interface occurs between different protein chains within the 
asymmetric unit, however, as it is not possible to model the linker region with certainty 
we cannot explicitly determine which molecules are linked in the crystal. For this reason, 
we have labeled the RRS1 and RPS4 molecules as separate chains in the coordinate file 
deposited to the Protein Data Bank. 
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Fig. S6 
Hydrogen-bonding network in the heterodimerization interface. Coloring, residues and 
secondary structure elements are consistent with Fig. 2. 
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Fig. S7 
SAXS analysis of the RPS4 and RRS1 TIR domain heterodimer (“complex”) and 
RRS1/RPS4TIR (“linked”). (A) Experimental scattering curves, shown in black with 
error bars in grey at 1 σ. Coloured lines indicate the restored curves from the P(r) 
distribution for each dataset. (B) Distance distributions, P(r), calculated for each 
concentration and normalized with respect to I(0). Distributions are plotted as coloured 
lines using the same scheme as in A. All concentrations in the heterodimeric series 
overlay well, while an increased prevalence of longer distances is observed in the linked 
construct. This, together with the increased molecular weight and Rg (fig. S2) of the 
linked construct, is consistent with the mixture of monomers and domain-swapped dimers 
observed in SEC-MALS (fig. S4B). (C) Guinier plot showing data transformed as q2 vs. 
Ln I(q). Experimental datapoints are shown as grey circles, and the ideal regression lines 
for each are overlaid in colour. The plots are linear for q.Rg < 1.3, suggesting that all 
datasets are free from aggregation. (D) Theoretical scattering curves calculated from 
atomic structures (coloured lines) are shown fitted to the experimental data from the 
highest concentration of the heterodimeric complex (black line). A significant 
improvement was observed when a total of 15 missing amino acids were added to the 
termini of the crystallographic dimer, to match the construct measured in solution. The 
scattering predicted from the crystallographic dimer is consistent with the solution data 
collected on the complex.  (E) Crystal structure docked into shape envelopes. The ab 
initio reconstructions are shown in purple, as surface representation with 3 Å van der 
Waals radii. One representative ab initio model is displayed within another envelope 
showing the total space sampled by all reconstructions. The dimeric crystal structure has 
been manually superimposed onto the envelopes, and is shown in blue in cartoon 
representation. The backbone atoms of the modelled termini are shown as red spheres.
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Fig. S8 
(A) Conserved serine and histidine residues play important roles in TIR/TIR domain 
interactions in the crystals of RPS4 and RRS1 TIR domains. (B) RRS1 and RPS4 TIR 
domains have complementary electrostatic surface potentials. Structural interpretation of 
the electrostatic surface potential of RRS1 (left) and RPS4 (right) calculated using APBS 
(49). Colouring is continuous going from blue (potential +5 kT/e) through white to red 
(potential -5 kT/e). The heterodimerization interfaces facing the plane of the page (RPS4 
and RRS1 are oriented -90° and 90°, respectively around the vertical axis compared to 
Fig. 1B. Shaded regions represent the buried surface area in the heterodimerization 
interface. The histidines are labeled for orientation.
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Fig. S9 
Interface comparisons. (A) Comparison of the interfaces from the RRS1/RPS4TIR 
heterodimer and the L6-TIR homodimer. Superposition of L6-TIR (dark blue) (PDB ID 
3ozi, chain A) with the RPS4TIR (teal) from the RRS1/RPS4TIR heterodimer (RRS1TIR 
in orange). Left to right; sequential 90°-rotation around the y-axis. The L6 TIR domain 
homodimerization interface involves residues within the αD1, αD3 and αE helices, the 
βE strand and the DE and EE loops (23) (fig. S7A). The total surface area buried within 
the interface corresponds to 1780 Å2. Mutation of residues R164A and D208A, which 
form a salt bridge between neighbouring molecules, had the most dramatic effect on self-
association in solution. However, complete disruption of self-association in solution 
could not be achieved by single mutations. While the RPS4-RRS1 TIR domain 
heterodimer also involves the αE helix, the interaction surface is ~90° away from 
contacts involved in the L6 TIR domain homodimer, therefore the interfaces do not 
overlap. (B) A common interface is observed in the crystal contacts of the AtTIR 
structure (PDB ID 3jrn). Superposition of the monomers (left) in the common 
dimerization interface RPS4TIR (teal), RRS1TIR (orange) and AtTIR (magenta). (C) 
Rotation of (B) 180° around the x-axis. RPS4TIRH34, RRS1TIRH26 and AtTIRF27 are 
represented as sticks and highlighted within the black box. In AtTIR, a phenylalanine 
(F27) occupies the position of the histidine that is observed in RPS4TIR and RRS1TIR 
domain structures. It is also involved in a stacking interaction with the equivalent residue 
in the neighbouring interacting molecule.
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Fig. S10 
Homo- and heterodimerization analysis of RRS1 and RPS4 TIR domain mutants in yeast. 
Growth of yeast cells on non-selective media lacking tryptophan and leucine (-WL) or 
selective media additionally lacking histidine (-HWL), expressing (A) GAL4-AD fusions 
of RPS4 TIR domain mutants and GAL4-BD fusion of wild-type RPS4 TIR domain, (B) 
GAL4-AD  and GAL4-BD fusions of RRS1 TIR domain mutants, (C) GAL4-AD  fusion 
of wild-type RRS1 TIR domain and GAL4-BD fusions of RPS4 TIR domain mutants, 
(D) GAL4-AD  fusion of RRS1 TIR mutants and GAL4-BD fusion of wild-type RPS4 
TIR domain.. (E-F) Mutant protein expression was detected with anti-HA (GAL4-AD 
fusions) and anti-Myc antibodies (GAL4-AD fusions). Protein loading is indicated by 
Red Ponceau staining. All mutations within RRS1/RPS4 dimeric interface disrupted 
RPS4 and RRS1 TIR domain heterodimerization and RPS4 TIR domain 
homodimerization, except for the mutants R30A and K157A, which strengthened RPS4 
TIR domain homodimerization (c.f. Fig 1I/J for discussion). By contrast, mutations in the 
RRS1 TIR domain did not modify the homodimerization ability, suggesting that the 
homodimer might have a stronger affinity in yeast compared to the RPS4 TIR domain 
homodimer and the RRS1/RPS4 TIR domain complex. 
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Fig. S11 
SEC-MALS analysis of RRS1TIR, RPS4TIR and RRS1/RPS4TIR constructs with 
various mutations. Black lines indicate the trace from the refractive index detector 
(arbitrary units) during SEC. Solid green lines under the peak correspond to the averaged 
molecular weight (Mw; y axis) distribution across the peak determined by MALS, 
displayed in text on the graph. For each sample, 6 nmol of RPS4TIR and RRS1TIR 
domain proteins were added with the total concentration added to the column of 12 nmol. 
The buffer consisted of 10 mM Hepes pH 7.5, 150 mM NaCl and 1 mM DTT. Additional 
mutants including RRS1TIR Y101A, D131A and RPS4TIR E160A, were generated; 
however, their effect on heterodimerization could not be tested as the proteins could not 
be expressed and produced in a soluble form.
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Fig. S12 
Sedimentation equilibrium (SE) analysis of RPS4TIR R30A mutant and RPS4TIR. SE 
data of RPS4TIR R30A runs at 27200 (A) and 34000 (B) rpm were fitted to a single 
species model using SEDPHAT (62), giving an estimated molecular mass of 42 and 42.4 
kDa that corresponded to complete dimerization of the protein. Fitting the SE data of 
RPS4TIR runs at 27200 (C) and 34000 (D) rpm with a single species model gave a 
molecular mass of ~26 kDa, which is slightly greater than the expected mass of the 
monomer. Direct analysis (wills et all, 1996) shows conformity of the results with 
reversible dimerization of monomer govern by an association constant of 13000 M-1 (Kd 
= 77 μM). Sample conditions: 15 μM of RPS4TIR or RPS4TIR R30A mutant in 10 mM 
HEPES, pH 7, 1 mM DTT, and 150 mM NaCl, at 4°C. 
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Fig. S13 
Mutation of the histidine in RPS4TIR R30A disrupts self-association. (A) 25 nmol of 
RPS4TIR R30A and RPS4TIR R30A/H34A were separated over a Superdex 75 
analytical SEC column. (B) Fractions (0.5 mL) between elution volumes 9.5-12.5 mL 
were analysed by SDS-PAGE Coomassie stained gel. (C) SEC-MALS analysis of 
RPS4TIR R30A and RPS4TIR R30A/H34A (25 nmol of protein separated by WTC-
030S5 column). Blue and red lines indicate the trace from the refractive index (RI) 
detector (arbitrary units) during SEC of RPS4TIR R30A and RPS4TIR R30A/H34A, 
respectively. Solid lines (equivalent coloring) under the peak correspond to the averaged 
molecular weight (Mw; y axis) distributions across the peak as determined by MALS. (D) 
Results tabulated demonstrate that RPS4 TIR R30A self-association is dependent on the 
histidine 34. 
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Fig. S14 
Immunoblot detection of RPS4 and RRS1 TIR domains expressed in N. tabacum. (A/B) 
Immunoblot detection of RPS41-250-GFP variants expression at 2 dpi in N. tabacum 
leaves. The lower panel shows the membrane stained with Red Ponceau, indicating equal 
loading of the RuBisCO protein (refer Fig2A-C). (C) Immunoblot detection of RRS1(1-
175)-GFP, RRS1(1-175) (S25A/H26A)-GFP, RPS4(1-235)-GFP and FLAG-GFP carried out 
with anti-GFP antibodies 2 days after agroinfiltration in N. benthamiana leaves. The 
lower panel shows the membrane stained with Commassie blue, indicating equal loading 
of the RuBisCO protein (refer Fig2D).  
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Fig. S15 
A) RT-PCR analysis of RRS1 in transgenic Col-0 lines expressing gRRS1Ws-2. Total 
RNAs from the transgenic Arabidopsis (Col-0) lines expressing RRS1Ws2 under the native 
promoter (264bps) were extracted and cDNA was synthesized for RT-PCR analysis. 
Wild-type Col-0, Ws2 and rrs1-3 (T-DNA insertion line in Col-0 background) were used 
as controls. (B) Wild-type and C321A variants of PopP2 fused to AvrRps4 N-terminal 
domain are delivered from Pseudomonas strains to plant cell. Pseudomonas syringae pv. 
tomato DC3000 or Pseudomonas fluorescens Pf0-1 expressing wild-type or C321A 
variant of PopP2149-488 N-terminally fused to AvrRps4 N-terminal domain (1-137aa) was 
used for infiltration of N. benthamiana leaves. The infected N. benthamiana leaf samples 
were harvested at 10 hpi, total protein was extracted and used for immunoblot analysis 
using anti-HA antibody.  AvrRps4 is cleaved between G133 and G134 when expressed in 
or delivered from bacteria to plant cells (Sohn et al 2007 P Cell, 2009 P Journal, 2011 
PNAS). Using this fully demonstrated property of AvrRps4, we show that AvrRps4N (1-
137aa):PopP2 (149-488 aa) fusion protein is cleaved during infection thus demonstrating 
that it was delivered from Pseudomonas to plant cells. 
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Fig. S16 
The enzymatically inactive PopP2 variant, C321A, shows enhanced interaction with 
RRS1. The C-terminally epitope-tagged proteins were transiently expressed in N. 
benthamiana. Two days after agroinfiltration, total proteins was extracted and used for 
co-immunoprecipitation using anti-Flag (Sigma) or anti-GFP (Chromotek) followed by 
immunoblot analysis (anti-HA or anti-GFP). 
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Fig. S17 
Expression analysis of the P-loop mutants of RPS4 (K242A) and RRS1 (K185A). Wild-
type, SH-AA or P-loop mutant variant was transiently expressed using agroinfiltration in 
Nicotiana benthamiana leaf cells. The infected leaf samples were harvested at 2 dpi, total 
proteins were extracted and used for immunoblot analysis using anti-Flag or anti-HA 
antibody. 
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Fig. S18 
P-loop mutations in RPS4 and RRS1. (A) The indicated C-terminally epitope-tagged 
RRS1 (Flag), RPS4 (HA), AvrRps4 (GFP) and PopP2 (GFP) proteins were transiently 
expressed in N. tabacum leaf cells using agroinfiltration. The P-loop motif is required for 
RPS4 (K242) but not for RRS1 (K185) function. The mutant variants carrying Ala 
substitution of Lys residues of RPS4 and RRS1 P-loop motifs were constructed and used 
for agroinfiltration cell death assay in tobacco. The images were taken at 3 dpi.
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Fig. S19 
Working model for RRS1/RPS4 activation in response to PopP2 and AvrRps4 effectors. 
In a resting state, RRS1 and RPS4 form a “poised” receptor complex ready to sense 
pathogen effectors, such as PopP2 and AvrRps4. RRS1/RPS4 association is dependent on 
multiple domain contacts, but TIR/TIR domain heterodimerization is required to form a 
functional complex to perceive pathogen effectors, and to keep RPS4 TIR domain 
signaling function inactive in the absence of pathogens. Upon effector recognition, RRS1 
and RPS4 stay associated but TIR/TIR domain heterodimerization is released to allow 
RPS4 TIR domain homodimerization and activate defense signaling, which is dependent 
on the energy driven by RPS4 nucleotide exchange and/or hydrolysis activity. 
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Table S1. 
Crystallographic data 
 RPS4TIR RRS1TIR dataset 1 RRS1TIR dataset 2 RRS1/RPS4TIR 
Data collection 
Space group P1 P 43212 P 43212 P6122 
Cell dimensions 
a, b, c (Å) 33.92, 78.64, 80.67 71.26, 71.26, 66.72 71.38, 71.38, 66.90 93.36 93.36 416.6 
α, β, γ (°) 65.63, 78.64, 78.93 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00 90.00 120.00 
Resolution (Å) 
19.60-2.05 (2.11-
2.05) 
71.24-1.75 (1.75-
1.78) 
71.38-2.00 (2.11-
2.00) 
29.84-2.65 (2.78-
2.65) 
Rmeas(%) a 7.0 (27.3) 7.0 (167.0) 7.0 (64.3) 10.3 (209.0) 
Rpim(%) b 3.6 (13.9) 1.9 (49.4) 0.8 (7.3) 2.1 (42.4) 
<I/σ(I)> 16 (6.5) 32.3 (1.7) 61.7 (11.5) 27.5 (2.0) 
CC1/2
c 0.99 (0.95) 0.99 (0.59) 0.99 (0.98) 1.00 (0.55) 
Completeness 
(%) 
94 (75.3) 100 (100.0) 100.0 (99.8) 99.9 (100.0) 
Multiplicity 3.8 (3.8) 14.0 (11.3) 75.9 (75.5) 22.9 (24.0) 
Wilson plot B 
(Å2) 
16.6 26.4 28.0 73.7 
Observations 165463 (10611) 251704 (10757) 929431 (130931) 748753 (100920) 
Unique 
reflections 
43623 (2762) 17927 (955) 12244 (1735) 32619 (4208) 
Refinement 
Rwork (%) 18.6 18.2  18.2 
Rfree (%) 23.0 19.8  22.7 
Average B-
factor (Å2) 
25.4 38.8  93.7 
R.m.s deviations 
Bond lengths 
(Å) 
0.008 0.007  0.009 
Bond angles (°) 1.090 1.070  1.167 
Ramachandran plot (%) d 
Favoured 99.4 95.7  97.2 
Allowed 0.6 4.3  2.8 
Outliers 0 0  0 
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a Rmeas = ∑hkl{N(hkl)/[N(hkl)-1]}
1/2 ∑i|Ii(hkl)- <I(hkl)>|/ ∑hkl∑iIi(hkl), where Ii(hkl) is the 
intensity of the ith measurement of an equivalent reflection with indices hkl. 
b Rpim = ∑hkl{1/[N(hkl)-1]}
1/2 ∑i|Ii(hkl)- <I(hkl)>|/ ∑hkl∑iIi(hkl). 
c Calculated with the program Aimless (61). 
dAs calculated by MolProbity (47). 
NB: Values within parentheses indicate the highest resolution bin. 
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4.1 Introduction 
 
Cytokinins are a class of plant hormone that regulates plant cell division, plant 
development and plant immunity (Grosskinsky et al., 2013; Ha et al., 2012; Hwang et al., 
2012). In plants, cyotokinin oxidases (CKXs) catalyze the degradation of cytokinins to 
control the levels of the plant hormones (Avalbaev et al., 2012). Plant CKXs have been 
shown to exhibit different subcellular localizations, substrate specificities and enzyme 
activities (Kollmer et al., 2014; Schmulling et al., 2003; Smehilova et al., 2009). LuCKX1.1 
is a flax cytosolic CKX.  
 
To determine the crystal structure of LuCKX1.1 for further investigation of its enzyme 
activities and its possible role in plant immunity, I expressed, purified and crystalized the 
protein of LuCKX1.1 (residues 44-534). Plate-like crystals of LuCKX1.1 were obtained 
using PEG3350 as a precipitant after systematic optimization of pH and precipitant 
concentration. The plate-like crystals diffracted X-rays to 1.78 Å resolution at the 
Australian Synchrotron. The crystals have the symmetry of the space-group C2 and are 
most likely to contain two molecules per asymmetric unit. 
 
 
Figure 4.1 LuCKX1.1 crystals. (A) Initial crystallization hits in PEG-3350 containing 
conditions. (B) Optimized crystals with a plate-like morphology. These crystals were grown 
in 0.24 M tribasic ammonium citrate (pH 8.0) and 18% (w/v) PEG-3350, and they diffracted 
x-rays to 1.75 Å resolution. 
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4.2 Declaration on authorship 
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conclusions of this chapter are presented in the form of a peer-reviewed journal article 
published in Acta Crystallographica Section F, Structural Biology and Crystallization 
Communications. The contributions of all authors are specified in section 4.3. 
 
 
4.3 Published peer-reviewed article 
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cytokinin oxidase LuCKX1.1. The cloning of the LuCKX1.1 cDNA construct and purification 
and crystallization of the LuCKX1.1 protein were performed by myself. Collection and 
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by myself. Professor Bostjan Kobe and Dr Simon J. Williams refined the manuscript. All 
other authors participated in the critical review of the article. 
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The plant hormones cytokinins play a central role in regulating cell division and
developmental events. Cytokinin oxidase regulates the levels of these plant
hormones by catalyzing their irreversible oxidation, which contributes to the
regulation of various morpho-physiological processes controlled by cytokinins.
In this study, the crystallization and preliminary X-ray diffraction analysis of the
flax cytokinin oxidase LuCKX1.1 are reported. Plate-like crystals of LuCKX1.1
were obtained using PEG 3350 as a precipitant and diffracted X-rays to 1.78 A˚
resolution. The protein crystals have the symmetry of space group C2 and are
most likely to contain two molecules per asymmetric unit.
1. Introduction
The plant hormones cytokinins are adenine-derived compounds
substituted with an isoprenoid or aromatic side chain at the N6
position. Cytokinins play a central role in regulating cell division and
specific developmental events, such as shoot and root branching, leaf
development and chloroplast ripening (Ha et al., 2012; Hwang et al.,
2012). Cytokinins have also been shown to play a role in plant–
microbe interactions and disease resistance and susceptibility (Choi et
al., 2010; Pertry et al., 2009, 2010).
Cytokinin oxidases or cytokinin dehydrogenases (CKXs) are
enzymes that contain flavin adenine dinucleotide (FAD) as a cofactor
and are responsible for most cytokinin catabolism within the plant.
They cleave the N6 side chain of the hormone (Brownlee et al., 1975;
Whitty & Hall, 1974). Changes in the activity of cytokinin oxidases
will cause the cytokinin concentration in tissues to change, which
contributes to the regulation of various morpho-physiological
processes controlled by cytokinins. Cytokinin oxidases are encoded
by multigenic families with varying numbers of genes. For instance,
there are seven genes coding for cytokinin oxidases (AtCKX1–
AtCKX7) in the Arabidopsis genome, 13 genes coding for cytokinin
oxidases (ZmCKX1–ZmCKX13) in the maize genome and at least 11
genes of cytokinin oxidases (OsCKX1–OsCKX11) in the rice genome
(Schmu¨lling et al., 2003; Vyroubalova´ et al., 2009; Ashikari et al.,
2005). The cytokinin oxidase genes have been characterized best in
maize plants. ZmCKX genes exhibit different tissue specificity and
transcription profiles, while their protein products differ in terms of
enzymatic activity, substrate specificity, subcellular localization and
glycosylation (Smehilova´ et al., 2009; Vyroubalova´ et al., 2009). The
differences found in these enzymes suggest that they play a role in the
coordination of various functions of cytokinins. Of the ZmCKX
proteins, ZmCKX1 is the best characterized. The crystal structure of
ZmCKX1 has been determined in several states, including in complex
with reaction products and a slowly reacting substrate (Malito et al.,
2004). Substrate binding does not cause any obvious conformational
change in the structure. The only other available structure is that of
Arabidopsis cytokinin oxidase AtCKX7, which has been determined
only in its FAD-bound state (Bae et al., 2008). ZmCKX1 and
AtCKX7 share a sequence identity of only 39.4%, but exhibit very
similar two-domain topology structure with a root-mean-square
distance (r.m.s.d.) of 1.8 A˚ for 474 equivalent C atoms (DaliLite;
Holm & Park, 2000). FAD is covalently linked to a conserved histi-
dine residue. Residues identified in ZmCKX1 as important for the
binding of FAD and substrates are conserved in AtCKX7.
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LuCKX1.1 is one of about 16 cytokinin oxidases from flax (Linum
usitatissimum) and has been found to interact with the flax rust
(Melampsora lini) effector AvrL567 (Koeck et al., unpublished work).
To understand the possible role of this protein as a potential virulence
target and to complement our work on the structure and function of
flax rust effector proteins and the flax resistance proteins (Guncˇar et
al., 2007; Wang et al., 2007; Ve, Williams, Stamp et al., 2011; Ve,
Williams, Valkov et al., 2011; Bernoux et al., 2011), we embarked on
structural analysis of LuCKX1.1. Here, we report the crystallization
of recombinant LuCKX1.1 and the preliminary X-ray diffraction
analysis of the crystals.
2. Materials and methods
2.1. Cloning, protein expression and purification
Fragments encoding residues 3–525, 3–534, 44–525 and 44–534
were amplified by PCR from full-length LuCKX1.1 cDNA and
inserted into the pMCSG7 vector using ligation-independent cloning
(Stols et al., 2002). The resulting constructs contained an N-terminal
His6 tag followed by a TEV (Tobacco etch virus) protease cleavage
site. The integrity of the constructs was confirmed by sequencing.
Solubility tests in Escherichia coli BL21 (DE3) cells demonstrated
that only the construct consisting of residues 44–534 of LuCKX1.1
(termed simply LuCKX1.1 hereafter) was soluble. This construct
lacked the N-terminal region of LuCKX1.1 and the corresponding
part was found to be disordered in the AtCKX7 structure (Bae et al.,
2008). The protein was expressed in E. coli BL21 (DE3) cells using
auto-induction medium (Studier, 2005) containing 100 mg ml1
ampicillin for plasmid selection. Cells were grown by continuous
shaking at 310 K until the OD600 nm reached 0.6–0.8. The temperature
was then decreased to 293 K and the cells were further grown at
293 K for 20 h before harvesting by centrifugation. The cells were
resuspended in lysis buffer (50 mM HEPES pH 8.0, 500 mM NaCl,
1 mM DTT) and lysed using sonication. The cell debris and insoluble
material were removed by centrifugation at 27 216g for 40 min at
277 K and the collected supernatant was loaded onto a 5 ml HisTrap
column (GE Healthcare). To remove unbound proteins and
contaminants, the column was washed with 20 column volumes of
wash buffer (50 mM HEPES pH 8.0, 500 mM NaCl, 30 mM imida-
zole). Bound protein was eluted using a linear gradient of imidazole
from 30 to 250 mM and the fractions containing the protein of
interest were pooled and concentrated to 2 ml for TEV treatment at
277 K overnight to remove the His6 tag. The 20 ml TEV cleavage
buffer consisted of 50 mM Tris–HCl pH 8.0, 250 mM NaCl, 1 mM
DTT, 0.5 mM EDTA, 1 mg TEV protease and 2 ml concentrated
LuCKX1.1 protein sample. The cleaved LuCKX1.1 protein was re-
applied onto the HisTrap column to remove the His6 tag and other
contaminants.
Flowthrough fractions containing cleaved LuCXK1.1 protein were
collected, concentrated and applied onto a Superdex 200 HiLoad
26/60 gel-filtration column (GE Healthcare) pre-equilibrated with
gel-filtration buffer consisting of 10 mM HEPES pH 7.5, 150 mM
NaCl, 1 mM DTT. The peak fractions were pooled, concentrated to a
final concentration of 5 mg ml1 and stored in aliquots at 193 K for
crystallization studies.
2.2. Crystallization and X-ray data collection
The optimal protein concentration for crystallization was deter-
mined by the PCT screen (Hampton Research). Initial screening was
conducted in 96-well plates (LabTech) at 293 K using the hanging-
drop vapour-diffusion method. Eight commercial screens were
utilized, including Index, PEG/Ion and PEGRx (Hampton
Research), Morpheus, ProPlex, JCSG+ and Pact Premier (Molecular
Dimensions) and Precipitant Synergy (Emerald BioSystems).
Hanging drops consisting of 100 nl protein solution and 100 nl
reservoir solution were set up using a Mosquito robot (TTP LabTech,
UK) and were equilibrated against 100 ml reservoir solution. The
drops were monitored and imaged using a Rock Imager system
(Formulatrix, USA).
Optimization of hits from the initial screens was achieved by fine-
tuning the protein concentration, the precipitant concentration, the
pH and the size of the drop. Crystals of LuCKX1.1 were mounted
with nylon loops and transferred to the mother liquor containing 25%
glycerol prior to flash-cooling in liquid nitrogen. Data sets were
collected from single crystals on the Australian Synchrotron MX2
beamline at a wavelength of 0.953691 A˚ using an ADSC Quantum
315r CCD detector. The crystal-to-detector distance was set to
250 mm, the oscillation range was 0.5 and 720 images were collected.
Data were collected using the Blu-Ice software (McPhillips et al.,
2002), indexed and integrated using XDS (Kabsch, 2010) and scaled
with SCALA within the CCP4 suite (Winn et al., 2011).
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Figure 1
Plate-like crystals of LuCKX1.1 (100  40  8 mm) grown in 0.24M tribasic
ammonium citrate pH 8.0, 18%(w/v) PEG 3350.
Table 1
Crystallographic data-collection and processing statistics.
Values in parentheses are for the outer shell.
Diffraction source Australian Synchrotron MX2
Wavelength (A˚) 0.953691
Temperature (K) 100
Detector ADSC Quantum 315r CCD
Crystal-to-detector distance (mm) 250
Rotation range per image () 0.5
Total rotation range () 360
Space group C2
Unit-cell parameters (A˚, ) a = 201.54, b = 58.93, c = 91.23,
 = 90.00,  = 111.55,  = 90.00
Mosaicity () 0.16
Resolution range (A˚) 85.08–1.78 (1.88–1.78)
Total No. of reflections 716846
No. of unique reflections 95714
Completeness (%) 99.8 (98.4)
Multiplicity 7.5 (7.3)
Mean I/(I) 17.8 (2.8)
Rmeas 0.100 (0.796)
Rmerge 0.093 (0.740)
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3. Results and discussion
Four constructs of LuCKX1.1 with small N- and C-terminal deletions
were made based on sequence alignment with AtCKX7 (59%
sequence identity). The protein comprising residues 44–534 was
produced in a soluble form in E. coli. After purification using
immobilized metal-affinity chromatography and size-exclusion chro-
matography, the purity was estimated to be greater than 95%
according to SDS–PAGE.
Initial crystallization screening was conducted at 293 K in 96-well
plates using a protein concentration of 5 mg ml1. Small LuCKX1.1
crystals appeared after 1 d under several different conditions. One
condition consisting of 0.2M tribasic ammonium citrate pH 7.0,
20%(w/v) PEG 3350 (Index condition No. 88) was chosen for further
optimization. After optimization, plate-like crystals were obtained in
a solution consisting of 0.24M tribasic ammonium citrate pH 8.0,
18%(w/v) PEG 3350 (Fig. 1). A data set was collected to 1.78 A˚
resolution from one of these crystals at the Australian Synchrotron.
Data-collection statistics are given in Table 1. Structure determina-
tion is currently under way.
The structurally best-characterized cytokinin oxidase is ZmCKX1
from maize. The LuCKX1.1 and ZmCKX1 enzymes differ substan-
tially (37% sequence identity) and the structures of the substrate and
product complexes of LuCKX1.1 should uncover interesting differ-
ences in substrate binding and the catalytic mechanism between these
enzymes. The structure should also shed light on its interaction with
the flax rust effector protein AvrL567.
We thank Thomas Ve and Chiung-Wen Chang for help and
discussion. The work was supported by the Australian Research
Council (ARC Discovery Grant 012786 to BK, PND and JGE). BK is
a National Health and Medical Research Council (NHMRC)
Research Fellow.
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5.1 Introduction 
 
The outcomes of plant-microbe interactions are largely determined by the effector 
repertoire secreted by pathogenic microbes during infection (Dou and Zhou, 2012). 
Pathogen effectors can either stay in the plant extracellular space or get internalized into 
different host subcellular compartments. Some effector proteins, also known as avirulence 
(Avr) proteins, can be recognized by plant NLRs and lead to effector-trigger immunity 
(ETI). The hallmark of ETI is the plant programmed cell death at the infection sites to 
restrict pathogen growth (Rafiqi et al., 2009). Knowledge on the virulence function of 
pathogen effectors is key to understanding the interplay between plants and pathogenic 
microbes for disease prevention. Most of the functional studies on plant pathogen effectors 
come from bacterial pathogens that utilize the type-three secretion system (TTSS) to 
deliver effectors into the plant cytosol (Alfano and Collmer, 2004). These studies 
demonstrate diverse plant cellular targets of pathogen effectors, such as the PAMPs-
triggered immunity (PTI) system, the signalling pathways of plant hormones, the 
programmed cell death signalling pathways and the host metabolism (Deslandes and 
Rivas, 2012; Dou and Zhou, 2012; Henry et al., 2013). 
 
Fungi are an important class of eukaryotic filamentous microbes, and some of them are 
devastating plant pathogens that affect important food crops (Agrios, 2005). In contrast to 
the relatively small set of effectors produced by bacterial pathogens, whole genome 
sequencing of biotrophic and hemibiotrophic fungi has identified hundreds of effector 
candidates with a proposed redundancy in virulence functions (Dean et al., 2005; 
Duplessis et al., 2011; Kamper et al., 2006; Nemri et al., 2014; Spanu et al., 2010; 
Yoshida et al., 2009). Fungal effector proteins are evolutionarily diverse, with low 
sequence similarities to known proteins in the databases, thus it is difficult to predict the 
function of these effector proteins based on the amino-acid sequences (Rafiqi et al., 
2012). Although the functions of some effector proteins from bacterial pathogens have 
been reported in recent years, knowledge on the vast majority of pant pathogen effectors 
is still lacking, particularly those from the pathogenic fungi. So far, the virulence functions 
of only two plant fungal effectors have been demonstrated. The maize smut fungus 
Ustilago maydis effector Cmu1 is a chorismate mutase and is required for full virulence on 
maize plants (Djamei et al., 2011). Cmu1 is delivered into plant cell cytoplasm and spreads 
to neighboring cells during infection. Chorismate mutases including Cmu1 catalyze the 
conversion of chorismate to prephenate in the shikimate pathway, which diverts production 
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of the defence signalling hormone SA towards the production of aromatic amino acids. A 
cmu1 knockout mutant of the fungus leads to accumulation of SA in plants and increased 
resistance against the fungus during infection. The effector AvrPiz-t from the rice blast 
fungus Magnaporthe oryzae targets and destabilizes the rice RING E3 ubiquitin ligase 
APIP6 to attenuate the chitin-induced PTI response (Park et al., 2012). 
 
The biotrophic rust fungus (Melampsora lini) is the causal agent of rust disease on its host 
plant flax (Linum usitatissimum) (Lawrence et al., 2007). This intreraction has served as a 
model pathosystem to study the underlying genetics of host-pathogen interaction in plants. 
During infection, the flax rust fungus develops the membrane feeding structure called 
haustoria that penetrate flax cells for both nutrient uptake and effector delivery. Several 
families of effectors have been identified from flax rust, including AvrL567, AvrM, AvrP123 
and AvrP4. These effector proteins contain N-terminal signal peptides that direct their 
secretion into the extrahaustorial matrix (Catanzariti et al., 2006; Dodds et al., 2004). The 
two effectors are then internalized into the flax cell cytoplasm. The host cell uptake of 
AvrL567 and AvrM is directed by the non-conserved sequence signals near the N-terminal 
regions and is independent of pathogens (Rafiqi et al., 2010). Crystal structures of AvrM 
and AvrL567 revealed some surface-exposed residues that are important for direct 
interaction with cognate flax resistance proteins (Ve et al., 2013; Wang et al., 2007). 
Moreover, a hydrophobic surface patch in the AvrM structure was identified to be required 
for internalization of the effector into plant cells (Ve et al., 2013). 
 
Despite the determination of their crystal structures, the virulence functions of these 
identified flax rust effectors have not been defined yet. RNA silencing of AvrL567 genes in 
flax rust has little effect on its pathogenicity, indicating functional redundancy of effectors 
(Lawrence et al., 2010). There are 12 genetic variants of AvrL567 proteins (AvrL567-A to 
AvrL567-L) with sequence identity from 83% to 98% and different recognition specificities 
towards flax NLRs L5, L6 and L7 (Dodds et al., 2006; Wang et al., 2007). The AvrL567 
genes have been undergoing evolutionary pressure, and some of the AvrL567 proteins 
have escaped the recognition by the L5, L6, and L7 proteins (Dodds et al., 2006; Wang et 
al., 2007). 
 
To investigate the virulence function of AvrL567-A, our collaborator Jeff Ellis’s group at the 
CSIRO Plant Industry Canberra performed a yeast-2-hybrid screen with the cDNA from 
flax rust-infected flax leaves to identify host cellular targets for AvrL567-A. AvrL567-A was 
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shown to physically target the flax cytosolic CKX LuCKX1.1. CKXs control the levels of 
cytokinins in plants by catalysing the irreversible oxidation of the plant hormone (Avalbaev 
et al., 2012). Cytokinins are responsible for regulating cell division and plant development, 
as well as plant immunity (Ha et al., 2012; Hwang et al., 2012). 
 
In this thesis, endpoint assays were conducted to characterize the substrate specificities of 
LuCKX1.1. Kinetic assays were performed and demonstrated that the presence of 
AvrL567-A enhanced the enzyme activity of LuCKX1.1 towards at least two cytokinin types 
in vitro. The crystal structure of LuCKX1.1 was determined. Docking studies have been 
conducted to investigate the interaction interface and provide some molecular details of 
how AvrL567-A interacts with LuCKX1.1 to affect the enzyme activity. 
 
 
5.2 Materials and Methods 
 
5.2.1 Protein expression and purification 
 
The LuCKX1.1 protein (residues 44-534) was purified using the method described in (Wan 
et al., 2013). The AvrL567-A protein (residues 24-150) was purified using the method 
described in (Wang et al., 2007). The cDNA construct of AvrL567-A corresponding to 
residues 24-150 was also cloned into the vector pMSCG10 for expression and purification 
of GST-tagged AvrL567-A using a similar method but without performing TEV protease 
treatment to remove tags. 
 
5.2.2 Analytical gel-filtration assay on the LuCKX1.1-AvrL567-A interaction 
 
A Superdex 200 10/300 GL gel filtration column was pre-equilibrated with buffer (10 mM 
HEPES (pH 7.5), 150 mM NaCl, 1 mM DTT). 9 nM AvrL567-A protein was loaded on to 
the gel-filtration column as a control. 9 nM AvrL567-A protein and 9 nM LuCKX1.1 protein 
were mixed and incubated for 30 minutes and then loaded on to the gel-filtration column. 
The peak fractions were subjected to SDS-PAGE analysis. 
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5.2.3 End-point assays and kinetic assays 
 
In the endpoint assays, two electron acceptors, DCPIP (2,6-dichlorophenolindophenol, 
Sigma‐Aldrich) and Q0 (2,3-dimethoxy-5-methyl-1, 4-benzoquinone, Sigma‐Aldrich), were 
utilized individually in the McIlvaine buffer (100 mM citric acid and 200 mM Na2HPO4) at 
pH 6.5 and 5.0, respectively. The 600 µL reaction mixture contained 0.5 mM DCPIP (or 
0.25 mM Q0), 0.25 mM cytokinin, and 0.16 µM LuCKX1.1 in addition to McIlvaine buffer at 
pH 6.5 (or at pH 5.0 for Q0). This reactions were incubated for 1-3 hours at 37°C and then 
terminated by the addition of 300 µL 40% TCA (trichloroacetic acid, Sigma‐Aldrich). The 
reaction samples were centrifuged at 12,000 g for 5 minutes and the supernatant was 
transferred to 1.5 mL Eppendorf tubes. 4‐aminophenol (Sigma‐Aldrich) was dissolved in 
6% TCA to prepare a 2% solution and 200 µL of the solution was added to 1.5 mL 
Eppendorf tubes and mixed for 10 seconds. 200 µL of the final reactions were transferred 
to a 96-well plate, which was immediately scanned from wavelengths 300 nm to 500 nm at 
5 nm intervals using a UV/VIS spectrophotometer. The readings of absorbance were 
corrected against a blank sample without using LuCKX1.1. 
 
To determine the optimal pH for LuCKX1.1 enzyme activity when using DCPIP as electron 
acceptor, an assay based on bleaching of DCPIP as described in (Laskey et al., 2003) 
was performed. The 200 µL reaction mixture in a 96-well plate contained 0.5 mM DCPIP, 
0.25 mM cytokinin and 0.16 µM LuCKX1.1 in McIlvaine buffer with pH ranging from 6.5 to 
9.0. LuCKX1.1 was added last to the reaction and mixed for 30 seconds before scanning 
at 600 nm using a UV/VIS spectrophotometer. The readings of absorbance were corrected 
against a blank reaction without adding LuCKX1.1. To check if LuCKX1.1 degrades cis-
zeatin, similar assays were performed. The 200 µL reaction mixture in a 96-well plate 
contained 0.5 mM DCPIP, 0.25 mM cytokinin and 0.16 µM LuCKX1.1 in McIlvaine buffer at 
pH 7.5. LuCKX1.1 was added last to the reaction and mixed for 30 seconds before 
scanning at 600 nm using a UV/VIS spectrophotometer. The readings of absorbance were 
corrected against a blank reaction without adding LuCKX1.1. 
 
To conduct the kinetic assays and check the effect of AvrL567-A on LuCKX1.1 enzyme 
activity, a modified assay based on bleaching of DCPIP was performed. In the control 
group, the 200 µL reaction mixture in a 96-well plate contained 0.5 mM DCPIP, 0.16 µM 
LuCKX1.1, and cytokinin with concentrations ranging from 0 to 500 µM in McIlvaine buffer 
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at pH 7.5. In the experimental group, 1.6 µM AvrL567-A was added for investigation of its 
effect on LuCKX1.1 enzyme activity. LuCKX1.1 was added last to the reactions and mixed 
for 20 seconds before scanning at 600 nm using a UV/VIS spectrophotometer. The 
absorption of each sample was corrected against a blank reaction without adding 
LuCKX1.1. The initial velocity of the reaction was calculated based on the change of 
absorbance in the 20 seconds. 
 
5.2.4 Structure determination of LuCKX1.1 
 
The flax LuCKX1.1 protein (residues 44-534) was expressed, purified, and crystalized as 
described in (Wan et al., 2013). The structure was solved by molecular replacement using 
Phaser (McCoy et al., 2007) with AtCKX7 (PDB ID: 2EXR) (Bae et al., 2008) as the 
template. The protein crystals have the symmetry of the space-group C2 and contain two 
LuCKX1.1 molecules per asymmetric unit. Automatic model building was carried out using 
AutoBuild within the Phenix software package (Adams et al., 2010). The resulting model 
was refined using Phenix.refine (Adams et al., 2010) and iterative model building between 
rounds of refinement was performed in Coot (Emsley and Cowtan, 2004). Structure 
validation was carried out using MolProbity (Chen et al., 2010). 
 
 
5.3 Results 
 
5.3.1 Crystal structure of LuCKX1.1 
 
The final refined structure model of LuCKX1.1 contains residues from 44 to 532. 
Refinement statistics are summarized in Table 5.1. 
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Table 5.1 The refinement statistics of LuCKX1.1 structure 
Refinement Statistics  
Resolution range (Å) 49.35-1.78 
No. of reflections  95697 
Completeness (%) 99.73 
No. of atoms  
Protein 7667 
Non-protein 789 
Rwork/Rfree (%) 15.0/18.4 
Averaged B factor (Å2) 23.5 
R.m.s.d.  
Bond lengths (Å) 0.007 
Bond angles  (°) 1.166 
Ramachandran plot  
Favoured (%) 96.5 
Allowed (%) 3.1 
Outlier (%) 0.4 
 
LuCKX1.1 contains FAD as a co-factor. The structure of LuCKX1.1 exhibits a two-domain 
topology (Figure 1), which is similar to the other two cytokinin oxidases AtCKX7 and 
ZmCKX1 with known structures (Bae et al., 2008; Malito et al., 2004). LuCKX1.1 contains 
a FAD molecule that is covalently linked to the ND1 atom of His104 via the 8-methyl group 
of the flavin ring. The FAD-binding domain (residues 44-243 and 478-532) comprises one 
mixed β-sheet, one antiparallel β-sheet and flanking α-helices. The other domain (residues 
244–477) consists of one antiparallel β-sheet and surrounding α-helices. The 
corresponding domain in the structures of ZmCKX1 in complex with different cytokinins is 
involved in substrate binding (Malito et al., 2004). All the residues important for substrate 
binding proposed in the active site of ZmCKX1 are conserved in LuCKX1.1, including 
Asp168, Glu281, Val365, Glu369, Trp384, Pro413, Leu446, and Leu483. Asp168 and 
Glu281 are expected to form a carboxylate-carboxylate pair, sharing a proton to allow the 
formation of a H-bond (Malito et al., 2004). A search of the Protein Data Bank with the 
program DALI (Holm and Rosenstrom, 2010) shows that the most similar structure 
corresponds to AtCKX7 with 63% sequence identity and a Cα rmsd of 1.5 Å for 491 
V.	  Molecular	  basis	  of	  the	  LuCKX1.1-­‐AvrL567-­‐A	  interaction	  
	   99	  
equivalent Cα atoms, and the second most similar structure corresponds to ZmCKX1 with 
44% sequence identity and a Cα rmsd of 2.0 Å for 479 equivalent Cα atoms. 	  
	  
Figure 5.1 Cartoon representation of the LuCKX1.1 structure. The FAD-binding and the 
substrate-binding domains are shown in cyan and light blue, respectively. The FAD 
molecule is represented as sticks in yellow. 
 
 
5.3.2 Interaction studies between LuCKX1.1 and AvrL567-A 
 
Jeff Ellis’s group identified AvrL567-A to physically interact with LuCKX1.1 initially using 
yeast-2-hybrid assays (data not shown). The interaction was confirmed using bimolecular 
fluorescent complementation assays in planta (data not shown). To assay the interaction 
in vitro, analytical gel-filtration assays were performed and showed that AvrL567-A and 
LuCKX1.1 do not form a stable complex on a gel-filtration column (Figure 5.2). GST pull-
down assays and ITC (isothermal titration calorimetry) were also trialled to investigate the 
interaction, but showed no interaction. Hence, a direct interaction could not be 
demonstrated under these conditions. 	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Figure 5.2 Analytical gel-filtration analysis of the LuCKX1.1-AvrL567-A interaction. The 
green trace line represents AvrL567-A alone. The blue and red trace lines represent a mix 
of AvrL567-A and LuCKX1.1 at a 1:1 molar ratio in the absence and presence of cytokinin 
(ck), respectively. The two peaks indicate that the two proteins eluted out separately, 
which was further confirmed by SDS-PAGE analyses of the elution fractions (shown below 
the chromatography). 
 
 
5.3.3 Fungal effector AvrL567-A affects LuCKX1.1 enzyme activity 
 
To determine how the effector AvrL567-A affects the enzyme activity of LuCKX1.1, d end-
point assays were performed to check the substrate specificities of LuCKX1.1. Cytokinins 
are adenine derivatives with an aromatic or isoprenoid side chain at the N6 position (Mok 
and Mok, 2001). Four common types of cytokinins, 2iP (N6-isopentenyladenine), tZ (trans-
zeatin), BA (N6-benzyladenine) and kinetin (N6-furfuryladenine), were investigated in the 
end-point assays. 2iP and tZ are cytokinins with isoprenoid side-chains, while BA and 
kinetin have aromatic side-chains (Figure 5.3). CKXs catalyze the oxidation of cytokinins 
by cleaving off the side chain (Figure 5.4). CKX-mediated oxidation of these four cytokinin 
type produces derivatives of 3-methyl-2-butenal that can react with 4-aminophenol to form 
cognate Schiff bases under acidic conditions (Frebort et al., 2002). The Schiff bases have 
light absorbance in the region from 300 nm to 400 nm. The cytokinin cZ (cis-zeatin) was 
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not included in the end-point assays because the breakdown product of cZ does not react 
with 4-aminophenol to form a Schiff base (Frebort et al., 2002). 
 
	  
Figure 5.3 Molecular structural formulae of 2iP, tZ, BA and kinetin. Zeatin occurs in two 
isomers, trans-zeatin and cis-zeatin, referring to the position of the terminal hydroxyl group 
on the isoprenoid side chain. 
 
 
 
Figure 5.4 CKX-mediated oxidation of the cyotokinin 2iP. Oxidation of 2iP by cleaving off 
the side-chain at the N10 position gives rise to the breakdown products adenine and 3-
methyl-2-butenal. The co-factor FAD within the CKX receives electrons and is reduced as 
a result of the reaction. In the presence of appropriate electron acceptors, the electrons 
can be further transferred and the FAD molecule will remain in its non-reduced form. 
 
CKXs are not actually oxidases but dehydrogenases, thus the enzyme activity of CKXs is 
very dependent on the electron acceptor present in the reaction environment (Popelkova 
et al., 2006). Two electron acceptors, DCPIP and Q0, were utilized individually in the end-
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point assays at pH 6.5 and 5.0, respectively. The results demonstrate that the Schiff bases 
of 2iP and tZ have a peak absorbance at 352 nm, while the Schiff bases of BA and kinetin 
have a peak absorbance at 380 nm. The readings of absorbance were converted into the 
concentrations of Schiff bases using the extinction co-efficient as described in (Frebort et 
al., 2002). The results indicate that LuCKX1.1 preferentially catalyses 2iP and tZ but not 
BA, and LuCKX1.1 degrades kinetin more quickly when using Q0 as the electron acceptor 
(Figure 5.5 and 5.6). To further check if LuCKX1.1 degrades cZ, an assay based on 
bleaching of DCPIP due to the reduction of the electron acceptor was employed to monitor 
the redox reaction mediated by LuCKX1.1. Bleaching of DCPIP can be determined by the 
decrease of absorption at 600 nm (Laskey et al., 2003). The results showed that the 
presence of cZ did not cause any bleaching of DCPIP, while 2iP and tZ led to an obvious 
decrease of light absorbance (Figure 5.7), which means that LuCKX1.1 does not degrade 
cZ. Similar assays were conducted to investigate the optimal pH for LuCKX1.1 activity; 
they demonstrate that LuCKX1.1 exhibits a maximal activity at pH 7.5 when using DCPIP 
as an electron acceptor (Figure 5.8).  	  
	  
Figure 5.5 Endpoint assays with DCPIP as the electron acceptor at pH 6.5. (A) The 
absorbance of Schiff bases was measured from wavelengths 300 nm to 500 nm. (B) 
Concentrations of Schiff bases were calculated as c = A/(ε×d) (A = absorbance, ε = 
extinction coefficient, and d = thickness of the ‘path length’ (0.5 cm)).  ε for 2iP, tZ, BA and 
kinetin are ε352nm = 15.2, ε352nm = 3.4, ε380nm = 2.5, and ε380nm = 4.0 mM-1cm-1, respectively, 
as described in (Frebort et al., 2002). 	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Figure 5.6 Endpoint assays with Q0 as the electron acceptor at pH 5.0. (A) The 
absorbance of Schiff bases was measured from wavelengths 300 nm to 500 nm. (B) 
Concentrations of Schiff bases were calculated as c = A/(ε×d) (A = absorbance, ε = 
extinction coefficient, and d = thickness of the ‘path length’ (0.5 cm)).  ε for 2iP, tZ, BA and 
kinetin are ε352nm = 15.2, ε352nm = 3.4, ε380nm = 2.5, and ε380nm = 4.0 mM-1cm-1, respectively, 
as described in (Frebort et al., 2002). 	  	  
	  
Figure 5.7 DCPIP-bleaching assays of the substrate specificities of LuCKX1.1. 2iP caused 
significant bleaching of DCPIP. tZ resulted in moderate decrease of light absorbance. 
However, the presence of cZ did not lead to any obvious colour change. 	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Figure 5.8 The effect of pH on LuCKX1.1 activity in the presence of 2iP and DCPIP. The 
result shows that LuCKX1.1 exhibits maximal enzyme activity at approximately pH 7.5. 	  
The end-point assays do not provide any kinetic information on LuCKX1.1 enzyme activity. 
To check the effect of AvrL567-A on LuCKX1.1 enzyme activity, a further modified DCPIP-
bleaching assay was conducted, in which the initial reaction rates were calculated against 
a range of cytokinin concentrations. Two of the preferential substrates 2iP and tZ were 
investigated in the kinetic assays. The results demonstrate that the presence of AvrL567-A 
increases the enzyme activity (kcat) of LuCKX1.1 towards 2iP and tZ by 50% and 200%, 
respectively (Figure 5.9). AvrL567-A caused an increase of LuCKX1.1 activity, suggesting 
that infected flax plants that contain the effector AvrL567-A could have reduced cytokinin 
levels in vivo. To test this, Jeff Ellis’s group made transgenic flax plants that overexpress 
AvrL567-A. In comparison with the wild-type plants, the transgenic AvrL567-A plants adopt 
a dwarfed phenotype with larger root systems and curly leaves, indicating imbalanced 
cytokinin levels in vivo (data now shown). Cytokinins have been shown to affect plant 
development and morphology (Igari et al., 2008; Jana et al., 2013). Based on these results, 
we speculate that in transgenic plant cells, AvrL567-A interacts with LuCKX1.1 to increase 
the enzyme activity and reduce cytokinin levels in vivo, resulting in the dwarfed phenotype 
for the plants. Concentrations of a range of cytokinin types in AvrL567-A transgenic plants 
are currently being checked in comparison with the wild-type plants. 	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Figure 5.9 Kinetic assays on LuCKX1.1 represented as Michaelis-Menten plots. The 
concentrations of substrates 2iP (A) and tZ (B) were plotted against the initial velocity of 
the enzymatic reaction (Vo). Error bars represent standard errors of the measurements; 
black and red lines are the non-linear fits for these plots from which the enzyme 
parameters were calculated. The figure was prepared using GraphPad Prism version 5.00. 	  	  
5.3.4 Docking studies of the LuCKX1.1-AvrL567-A interaction  
 
Using yeast-2-hybrid assays, Jeff Ellis’s group found that a fragment of LuCKX1.1, 
designated as iA1.1 (residues 268-340), was responsible for the interaction with AvrL567-
A (data not shown). In the crystal structure, iA1.1 consists of two buried β strands and two 
surface-exposed regions of helixes and loops (Figure 5.10). One surface-exposed region, 
designated as surface 1 hereafter, is a loop region that links the two buried β strands. 
Surface 1 is right above the opening of the channel through which cytokinins enter the 
active site. The other surface-exposed region, designated as surface 2 hereafter, consists 
of short helixes and loops from both ends of iA1.1. Surface 2 is on the other side of the 
molecule and further away from the cytokinin channel. Avr567-A binding to the surface 1 
of LuCKX1.1 could possibly affect the movement of cytokinins and reaction products in 
and out of the active site and thus influence LuCKX1.1 enzyme activity.	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Figure 5.10 Representation of LuCKX1.1 structure highlighting the iA1.1 region. The FAD-
binding and the substrate-binding domains are shown in cyan and light blue, respectively. 
The identified minimal binding region iA1.1 is coloured red. Surface 1, surface 2 and the 
cytokinin channel are indicated by black arrow lines. (A) Cartoon representation of 
LuCKX1.1 structure. The FAD molecule is represented as sticks in yellow. (B) Surface 
representation of LuCKX1.1 structure. 	  
Jeff Ellis’s group performed yeast-2-hybrid assays to investigate the interactions between 
LuCKX1.1 and 12 AvrL567 variants, which showed that A, D, F, J, and H variants interact 
with LuCKX1.1, while other variants do not (data not shown). Sequence alignments of 12 
AvrL567 variants reveal three major polymorphic regions (Figure 5.11A). The sequence 
alignments between the interacting AvrL567-J and the non-interacting AvrL567-E show 
that the two variants are different only at the N-terminus and polymorphic region 1, and 
completely conserved in polymorphic region 2 and 3 (Figure 5.11B). Polymorphic region 1 
is not conserved between any interacting variant and non-interacting variant, which 
indicates the polymorphic region 1 and/or the N-terminal region of AvrL567 is involved in 
the interaction.	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Figure 5.11 Sequence alignments of the interacting and non-interacting AvrL567 variants. 
(A) Sequence alignments of 12 AvrL567 variants using ClustalW2 (Larkin et al., 2007). 
The sequence alignments reveal three major polymorphic regions. However, no single 
residue could easily distinguish the interacting variants from the non-interacting ones. 
Interaction specificities must depend on a combination of residues. (B) Sequence 
alignments between the interacting AvrL567-J and the non-interacting AvrL567-E using 
ClustalW2 (Larkin et al., 2007). The two variants are completely conserved in the 
polymorphic regions 2 and 3, and different only at two positions (residue 26 and 50, 
indicated by an asterisk). Residue 26 is at the very N-terminus of mature AvrL567 protein 
(residues 24-150). Both figures were prepared using ESPript (Gouet et al., 2003).  	  
Docking studies of AvrL567 and LuCKX1.1 were performed to further investigate the 
interaction interface. Both of the previously determined structures AvrL567-A and 
AvrL567-D (Wang et al., 2007) were docked to the structure of LuCKX1.1 using the 
docking program GRAMM-X (Tovchigrechko, 2006). Among the top twenty models, eight 
models involve surface 1 of LuCKX1.1 in the interaction interface. Two models stand out 
as they involve both surface 1 of LuCKX1.1 and the polymorphic region 1 of AvrL567-A or 
AvrL567-D. In one model, the polymorphic region 1 of AvrL567-A binds to the surface 1 of 
LuCXK1.1 (Figure 5.12A). In the other model, the polymorphic region 1 of AvrL567-D 
binds to both the surface 1 and surface 2 of LuCKX1.1 (Figure 12B). This interaction 
models fulfil our current understanding of the AvrL567-LuCKX1.1 interaction based on 
yeast-2-hybrid results. Based on the two models, it is tempting to speculate that AvrL567 
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binding in the vicinity of the opening of LuCKX1.1 substrate channel may affect the 
movement of cytokinin substrates and reaction products into and out of the active site, 
respectively. The docking studies provide some insights into the molecular basis of how 
AvrL567-A interacts with the flax cytokinin oxidases LuCKX1.1 to affect the enzyme 
activity. 	  
	  
Figure 5.12 Docking studies of the AvrL567-LuCKX1.1 interaction. The FAD-binding and 
the substrate-binding domains of LuCKX1.1 are shown in cyan and light blue, respectively. 
The FAD molecule is represented as sticks in yellow. The identified minimal binding region 
in LuCKX1.1 is coloured red. Black arrow lines indicate surface 1, surface 2 and the 
cytokinin channel, respectively. (A) Cartoon representation of the docking model of 
AvrL567-A and LuCKX1.1. AvrL567-A is coloured green with the polymorphic region 1 in 
blue. (B) Cartoon representation of the docking model of AvrL567-D and LuCKX1.1. 
AvrL567-D is coloured green with the polymorphic region 1 in blue.	  
 
 
5.4 Summary  
 
To investigate the virulence function of the flax rust effector protein AvrL567-A, Jeff Ellis’s 
group performed yeast-2-hybrid assays and identified AvrL567-A to physically target the 
flax cytokinin oxidase LuCKX1.1. Jeff Ellis’s group also made transgenic flax plants that 
overexpress AvrL567-A. The transgenic AvrL567-A flax plants adopt a dwarfed phenotype 
with larger root systems and curly leaves, indicating imbalanced cytokinin levels. In this 
V.	  Molecular	  basis	  of	  the	  LuCKX1.1-­‐AvrL567-­‐A	  interaction	  
	   109	  
thesis, further characterization of the substrate specificities and enzyme activities of 
LuCKX1.1 using end-point assays was performed. The results suggest that LuCKXX1.1 
takes 2iP and tZ, but not the aromatic cytokinins BA and kinetin, as preferential substrates. 
However, the enzyme activities of LuCKX1.1 are very dependent on the electron acceptor 
present in the reaction. When using DCPIP as the electron acceptor, LuCKX1.1 degrades 
2iP faster than tZ, and does not degrade kinetin and BA at detectable levels. When using 
Q0 as electron acceptor, LuCKX1.1 degrades tZ faster than 2iP and kinetin. Assays based 
on bleaching of DCPIP indicate that LuCKX1.1 does not degrade cZ. Kinetic assays were 
performed to investigate the effect of AvrL567-A on LuCKX1.1 activity. The presence of 
AvrL567-A was shown to increase the enzyme activity of LuCKX1.1 towards 2iP and tZ by 
50% and 200%, respectively. The crystal structure of LuCKX1.1 was determined at 1.8 Å 
resolution. Docking studies have been performed to investigate the interaction interface 
between AvrL567-A and LuCKX1.1. Based on the docking studies, It is tempting to 
propose that AvrL567-A binds in the vicinity of the opening of LuCKX1.1 cytokinin channel 
and affects the movement of cytokinins and reaction products in and out the active sites to 
influence the enzyme activity of LuCKX1.1. 
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6.1 Introduction 
 
The LRR domain of plant NLRs is involved in inter-domain interactions and effector 
recognition, which are important for NLR auto-inhibition and activation, respectively. 
Structural insights into these mechanisms will be of great interest. To date, no structure of 
the LRR domain from plant NLRs has been reported yet, as expression and purification of 
full-length plant NLR proteins or their LRR domains has been notoriously difficult. 
 
The LRR family proteins contain multiple copies of LRR modules. Individual LRR modules 
have 20-30 residues with a highly conserved LxxLxLxxN motif, in which “x” can be any 
residue (Kobe and Kajava, 2001). Natural LRR proteins including mammalian Toll-like 
receptors (TLRs) and plant NLRs have two specialized modules, LRRNT and LRRCT, 
which cover the otherwise exposed hydrophobic core of the central LRR modules at the N- 
and C-terminus, respectively (Dao et al., 2014; Kobe and Kajava, 2001). Truncation of the 
LRR modules in a target protein will remove the LRRNT or LRRCT module and expose the 
hydrophobic core, which often leads to insolubility of the protein. LRR domain proteins 
from mammalian TLRs and plant NLRs are usually difficult to produce and crystallize. To 
determine the crystal structures of the LRR domains of TLR1, TLR2 and TLR4 (Jin et al., 
2007; Kim et al., 2007), Lee et al. developed the LRR hybrid technique to facilitate soluble 
expression and crystallization of the LRR domains. To generate LRR hybrids, they used 
the hagfish variable lymphocyte receptors (VLRs) as the fusion partner. In the fusion 
strategy, TLR and VLR fragments were fused at the most conserved “LxxLxLxxN” motifs 
(Figure 6.1), because they are easily identified in the sequence and form β strands that 
can be superimposed among different LRR structures (Hong et al., 2012; Jin and Lee, 
2008a). 
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Figure 6.1 LRR hybrid strategy to fuse the TLR and VLR fragments. Three different 
strategies with VLR fragments fused at the N-terminus, C-terminus or both termini of TLR 
are represented, respectively. TLR and VLR fragments are colored in green and gray, 
respectively. Conserved motifs at the fusion sites are boxed. This figure is taken from (Jin 
and Lee, 2008b). 
 
In this thesis, the LRR hybrid technique for the production of the LRR domains of flax 
NLRs was applied. Internalin A (InlA) was chosen as the fusion partner to generate LRR 
hybrids for protein expression in E. coli, because InlA has been successfully expressed in 
E. coli and crystallized, it adopts a regular LRR structure (Schubert et al., 2002) (Figure 
6.2), and it represents the best sequence match for the LRR domains of plant NLRs to any 
protein with known structure. 
 
A                                               B 
              
Figure 6.2 Structure of InlA and sequence alignments of InlA LRR modules. (A) InlA 
features the standard horseshoe-shaped structure with a β-sheet lining the inner 
circumference and α-helices flanking the outside. The LRRNT (pink) of InlA is 
predominantly α helical, while the LRRCT (blue) is an Ig-like domain. (B) The LRR 
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modules are regular with a constant number of 22 residues in each module. The figure is 
taken from (Schubert et al., 2002). 
 
Two plant NLRs, flax L6 and L8, were investigated using the LRR hybrid technique. The 
sequence alignments of the predicted LRR modules of the two NLRs are represented in 
Figure 6.3. The predicted LRR modules are not as regular as those in InlA. The number of 
residues in the L6 LRR modules ranges from 18 to 37. There are two direct repeats at the 
C-terminal end of the L6 LRR domain. The first direct repeat, designated as L6DR1, 
contains 6 LRR modules and comprises 147 residues. The second direct repeat, 
designated as L6DR2, contains 6 LRR modules and comprises 151 residues (Figure 
6.3A). L6DR1 and L6DR2 share a sequence identity of 69%. The L8 LRR domain contains 
a sequence similar to L6DR1 and L6DR2, designated as L8DR. L8DR contains 6 LRR 
modules and comprises 149 residues (Figure 6.3B). L8DR shares sequence identities of 
69% and 83% with L6DR1 and L6DR2, respectively (Figure 6.3C). 
 
 
Figure 6.3 Sequence alignments of the predicted LRR modules in L6 and L8. (A) 
Sequence alignment of the predicted 26 LRR modules in the L6 LRR domain. L6DR1 and 
L6DR2 are underlined in blue and red, respectively. This figure is adapted from (Ellis et al., 
2000). (B) Sequence alignment of the predicted 8 LRR modules in the L8 LRR domain. 
The L8DR is underlined in green. (C) Sequence alignments of L6DR1, L6DR2 and L8DR 
performed using ClustalW (Larkin et al., 2007). 
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6.2 Methods 
 
6.2.1 Overlap PCR and ligation-independent cloning 
 
To generate LRR hybrids, the coding DNA sequences of InlA and NLRs were combined by 
overlap PCR (Higuchi et al., 1988) and cloned into pMSCG7 by ligation-independent 
cloning (Stols et al., 2002). The constructs in pMSCG7 encode proteins with an N-terminal 
His6 tag and a TEV (tobacco etch virus) protease cleavage site in between. The integrity of 
the hybrid constructs was confirmed by sequencing. 
 
 
6.2.2 Protein expression and purification 
 
The resulting constructs and mutants were expressed in E. coli Rosetta (DE3) cells using 
the auto-induction method (Studier, 2005). 100 µg/ml ampicillin and 35 µg/ml 
chloramphenicol were applied to the auto-induction media. The cells were grown at 310 K 
until the cell density OD600nm reached about 0.8. Then the cell cultures were grown at 291 
K for 24 hours before harvest using centrifugation. The cells were stored at 193 K before 
protein purification. 
 
The cells were resuspended in a pre-chilled lysis buffer that contained 50 mM HEPES (pH 
8.0) and 150 mM NaCl and lysed by sonication. The lysed cells were centrifuged at 15,000 
g for 40 min at 277 K to remove the debris. The supernatant was loaded onto a 5 ml His-
Trap column (GE Healthcare) at the flow rate of 2.5 mL/min. The loaded column was 
washed with 100 ml lysis buffer that contained 30 mM imidazole, to remove non-
specifically bound proteins, and the target protein was eluted with a linear gradient of 
imidazole from 30 mm to 250 mM. The peak fractions were pooled and concentrated to 2 
ml for overnight TEV digestion to remove the N-terminal His6-tag. The digested protein 
sample was then pulled through the His-Trap column to remove the cut-off His6 tags and 
non-specifically bound proteins. The flow-through that contained the cleaved hybrid 
proteins was concentrated and loaded onto a superdex 200 hiload 26/60 gel-filtration 
column (GE Healthcare) that was pre-equilibrated with gel-filtration buffer (10 mM HEPES 
(pH 7.5), 150 mM NaCl, 1 mM DTT). The peak fractions were pooled, concentrated and 
stored in aliquots at 193 K for further studies. 
 
VI.	  Protein	  purification	  of	  flax	  NLR	  LRR	  domains	  
	   119	  
The PCT screen from Hampton Research was utilized to determine the optimal 
concentration for crystallization. Initial crystallization screening was performed using the 
hanging drop vapour-diffusion method in 96-well plates (Labtech) at 293 K. Eight sparse 
matrix screens including Index, PEG/Ion and PEGRx (Hampton Research), Morpheus, 
ProPlex, JCSG plus and PACT premier (Molecular Dimensions) and Precipitant Synergy 
(Emerald BioSystems), were utilized for crystallization trials. A Mosquito robot (TTP 
LabTech, UK) was utilized to set up the hanging drops consisting of 100 nl protein solution 
and 100 nl reservoir solution. The hanging-drop plates were monitored and imaged using 
a Rock Imager system (Formulatrix, USA). 
 
 
6.3 Results 
 
6.3.1 Hybrid design 
 
The N-terminal part of InlA including the LRRNT and different numbers of the LRR 
modules were fused at the “LxxLxLxxN” motifs with different numbers of the LRR modules 
and the LRRCT module of L6 or L8 (Figure 6.4), to generate hybrids for protein expression 
in E. coli. The rationale of the design comes from the study that demonstrates the LRRNT 
capping motif of internalin B (InlB) serves to aid folding by acting as a nucleus onto which 
consecutive LRR modules fold and contributes to the stability and solubility of the hybrid 
LRR proteins (Lee et al., 2012a; Schubert et al., 2002). InlA and InlB share a conserved 
LRRNT module (Niemann et al., 2007; Schubert et al., 2002). 
 
 
Figure 6.4 Principles of InlA-NLR hybrid design. The hybrids contain the LRRNT of InlA 
and several following LRR modules, and the LRR modules and the LRRCT from NLRs. 
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Seven hybrids with different truncations of InlA and L6 or L8 (Table 6.1) were generated 
using overlap PCR and cloned into the pMSCG7 vector using ligation-independent 
cloning. The hybrid proteins were expressed in E. coli Rosetta (DE3) strain using the auto-
induction method. 
 
Table 6.1 List of hybrids generated with different truncations of InlA and L6 or L8 
 
 
 
6.3.2 Purification of hybrid proteins 
 
The InlA protein (residues 36-496) was purified first to see how the protein behaves on the 
gel filtration column. After nickel affinity chromatography, the InlA protein was applied onto 
on a Superdex 200 Hiload 26/60 gel-filtration column and eluted as expected for 
monomeric species (Figure 6.5).  
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Figure 6.5 Gel-filtration chromatography of InlA. The molecular weight of InlA is 37 kDa. 
The protein eluted at 229 mL on a Superdex 200 Hiload 26/60 gel-filtration column. SDS-
PAGE analysis of the peak fractions is shown below the chromatograam. The elution 
volumes of standard proteins used for calibration of the gel-filtration column are indicated 
by red arrow lines. 
 
The hybrid L6H1 contained 14 LRR modules from InlA and 6 LRR modules corresponding 
to L6DR2. The L6H1 protein expressed well in E. coli and was purified with good solubility 
using nickel-affinity chromatography (Figure 6.6A). The L6H1 protein was cleaved by the 
TEV protease overnight to remove the N-terminal His6 tag and then reapplied to the His-
Trap column again to get rid of the cut-off His6 tag. Further purification on a Superdex 200 
Hiload 26/60 gel-filtration column resolved the major broad elution peak (spanning from 
120 mL to 180 mL) representing a large oligomer and a minor peak at 210 mL, expected 
to be the monomer species (Figure 6.6B). SDS-PAGE analyses of the fractions under the 
two peaks confirmed that they all corresponded to the L6H1 protein in different 
oligomerization states. However, double bands of the protein suggested that the protein 
might not be cleaved completely or that the TEV protease might have unexpectedly cut 
within the protein somewhere. 
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A                                                                      B 
                
Figure 6.6 Purification results of the hybrid protein L6H1. (A) SDS-PAGE analysis of 
nickel-affinity chromatography. The molecular weight of L6H1 is 55 kDa. Lane 1: crude cell 
lysate, which indicates the protein was overexpressed; lane 2: soluble part of cell lysate 
after removing cell debris by centrifugation; lane 3: PAGE-ruler unstained protein 
molecular–weight standards from Thermo Scientific; lanes 4-10: fractions from nickel-
affinity chromatography. (B) Gel-filtration chromatography of L6H1. The protein was 
predominantly oligomeric and with a small fraction of the protein in the monomeric state. 
SDS-PAGE analyses confirmed L6H1 existed in different oligomerization states. The 
elution volumes of standard proteins used for calibration of the gel-filtration column are 
indicated by red arrow lines. 
 
Hybrid proteins L6H2 and L6H3 that contain two direct repeats (12 LRR modules) and all 
26 LRR modules from L6, respectively, were purified in solubility but contained many 
impurities after nickel-affinity chromatography (Figure 6.7). The two proteins seemed to 
form soluble aggregates eluting at the void volume (110 mL) of the Superdex 200 Hiload 
26/60 column. These results suggest that including more LRR modules from L6 reduces 
the expression level and solubility of the hybrid proteins. To reduce the total number of 
LRR modules, hybrids L6H4 and L6H5 that contained only 2 LRR modules from InlA were 
generated; however, they were insoluble. 
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Figure 6.7 SDS-PAGE analysis of the purification of L6H2 and L6H3. (A) Lane 1: crude 
cell lysate of L6H2 that indicates the protein was overexpressed; lane 2: soluble fraction of 
L6H2 cell lysate after removing cell debris using centrifugation; lanes 3-4: fractions of 
L6H2 from nickel-affinity chromatography (the molecular weight of L6H2 is 75 kDa and its 
position is indicated by a blue arrow); lane 5: crude cell lysate of L6H3 that indicates the 
protein was overexpressed; lane 6: soluble fraction of L6H3 cell lysate after removing cell 
debris by centrifugation; lanes 7-8: fractions of L6H3 from nickel-affinity chromatography 
(the molecular weight of L6H3 is 115 kDa and its position is indicated by a red arrow). (B) 
Lane 1: L6H2 protein before overnight TEV treatment; lane 2: L6H2 protein after overnight 
TEV treatment showing a size shift due to cleavage of the His6 tag; lane 3: L6H3 protein 
before overnight TEV treatment; lane 4: The L6H3 protein after overnight TEV protease 
treatment. No obvious size shift is observed after cleavage, probably due to the high 
molecular weight of L6H3 
 
Considering the difficulties in the expression and purification of the hybrids L6H2 and 
L6H3 that contain 12 and 26 LRR modules from L6, respectively, the flax NLR L8 that only 
contains 8 LRR modules was chosen to generate hybrids. L8H1, L8H2 and L8H3 contain 
all 8 LRR modules from L8, and incorporate 14, 8 and 2 modules from InlA, respectively. 
L8H3 was insoluble, similar to hybrids L6H4 and L6H5 that contained only 2 LRR modules 
from InlA. These results suggest incorporation of InlA LRRNT and the following 2 LRR 
modules of InlA is not enough to produce soluble hybrids for L6 or L8. The L8H1 and 
L8H2, however, could be purified as a soluble protein with a yield of 10 mg/L cell culture 
using nickel affinity chromatography (Figure 6.8). Similar to L6H1, the majority of L8H1 
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and L8H2 proteins behaved as large oligomers, with a small fraction of the proteins in 
monomeric state (Figure 6.9). However, overnight TEV cleavage of L8H1 and L8H2 also 
gave rise to two bands with small molecular-weight differences. Sequence alignments 
were performed and revealed that there is a similar TEV recognition motif at the C-
terminus of L6 and L8 LRR domains (Figure 6.10). To test this hypothesis and prevent 
cleavage of the hybrid proteins L8H1 and L8H2, a single-residue mutation Q758A in the 
suspicious TEV cleavage site was generated in the constructs. However, both mutant 
proteins L8H1-Q758A and L8H2-Q758A still showed two bands after TEV treatment, which 
suggested that additional cleavage might not be responsible for the occurrence of the two 
bands. Incomplete cleavage of the His6 tag could be the cause of double bands, 
responding to His6-tagged and non-tagged proteins, respectively. To test this hypothesis, 
the gel-filtration protein samples with double bands were run through the His-Trap column. 
Reduced abundance of the upper band confirmed that the two-band proteins contained 
proteins with His6 tags. The oligomerization and self-association of L6 and L8 hybrid 
proteins may have caused the inaccessibility of the TEV recognition motif and the His6 
motif in the proteins, leading to a low efficiency of TEV protease and a reduced affinity of 
the His6-tag hybrid proteins for the His-Trap column. Unexpectedly, both L8H1-Q758A and 
L8H2-Q758A proteins appear exclusively in monomeric state on the gel filtration column 
(Figure 6.11), in contrast to the wild-type proteins that predominantly behave as oligomers. 
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Figure 6.8 SDS-PAGE analysis of the purification of L8H1 and L8H2. (A) Lanes 1-6: peak 
fractions of L8H1 from nickel-affinity chromatography. The molecular weight of L8H1 is 62 
kDa; (B) Lanes 1-6: peak fractions of L8H2 from nickel-affinity chromatography. The 
molecular weight of L8H2 is 47 kDa. 
 
 
 
    
Figure 6.9 Gel-filtration chromatography of the L8H1 (A) and L8H2 (B) proteins. Wide 
peaks around 160 mL suggest that majority of the proteins appears as large oligomeric 
species, while small peaks at 210 mL indicate that a small fraction of the proteins exists as 
monomeric species. SDS-PAGE analyses of peak fractions confirmed that the major and 
minor peaks have the same content of proteins with double bands. The elution volumes of 
standard proteins used for calibration of the gel-filtration column are indicated by red 
arrows. 
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Figure 6.10 Similar TEV protease recognition motif in the L6 and L8 LRR domains. The 
sequence alignment identified a similar motif in the C-terminal regions of the L6 and L8 
LRR domains. Conserved residues are indicated by “ * ”, while similar residues are 
indicated by “ : ”. The sequence alignment was preformed using ClustalW2 (Larkin et al., 
2007). The position of Q758A mutation is indicated by a red triangle. 
 
 
 
 
Figure 6.11 Gel filtration chromatography of the L8H1-Q758A (A) and L8H2-Q758A (B) 
proteins. In contrast to the major and minor peaks of wide-type proteins, both mutant 
proteins appear exclusively at the 210 mL peaks, suggesting monomeric states. SDS-
PAGE analyses of the peak fractions confirmed that they contain the expected proteins, 
but that they contain two bands. The elution volumes of standard proteins used for 
calibration of the gel-filtration column are indicated by red arrows. 
 
To avoid the problem caused by TEV protease cleavage and obtain a single oligomeric 
species of hybrid proteins for crystallization purposes, the hybrid mutant L8H2-Q8758A 
was chosen for further investigation, without performing the TEV cleavage step to remove 
the N-terminal His6 tag. In the gradient-elution fractions of nickel affinity chromatography, 
protein samples in the late fractions were found to be relatively pure using SDS-PAGE, 
and were thus pooled together for further purification using gel filtration. SDS-PAGE 
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analyses of the fractions after gel filtration revealed that the protein corresponded to single 
species and was around 90% pure (Figure 6.12). 
 
 
 
 
Figure 6.12 SDS-PAGE analysis of L8H2-Q758A protein after gel-filtration. The fractions 
of L8H2-Q758A protein (lane 1 to lane 10) after gel filtration without performing the TEV 
treatment were subjected to SDS-PAGE analysis. 
 
These protein samples were pooled and concentrated to 10 mg/mL for crystallization 
purposes. However, initial crystallization screening did not give rise to any promising 
conditions to follow up. 
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6.4 Summary 
 
Using the LRR hybrid strategy, soluble fusion proteins of different truncations of InlA and 
the flax NLRs L6 or L8 were successfully produced. In terms of InlA truncations that 
contain the LRRNT and different numbers of LRR modules, inclusion of the first 2 LRR 
modules is not sufficient to produce soluble hybrid proteins with L6 or L8, while inclusion of 
the first 8 or 14 LRR modules results in soluble hybrid proteins when expressed in E. coli. 
In terms of L6 or L8 truncations that contain variable LRR modules and the LRRCT, the 
expression level and solubility seem to be very dependent on the number of LRR modules 
included. Purification results of hybrid proteins with 6, 12 and 26 LRR modules from L6 
indicate that the ones with 12 and 26 LRR modules purified as aggregates with a yield of 
0.5mg/L cell culture and contain many impurities, while the one with only 6 LRR modules 
can be purified as a soluble protein with a yield of 10mg/L cell culture and contains fewer 
impurities. Hence, further investigations were focused on the flax NLR L8 that has only 8 
LRR modules in the LRR domain, and soluble hybrid proteins with all 8 LRR modules from 
L8 have been obtained. However, TEV protease treatment of the hybrid proteins caused 
double bands with small molecular-weight differences when analyzed by SDS-PAGE. To 
check if there was an unexpected TEV protease cleavage within the sequences of hybrid 
proteins, one single-residue mutation Q758A in the potential TEV-protease-recognition 
motif identified within the C-terminal region of the L8 LRR domain was generated. 
Overnight TEV cleavage of the mutant proteins still resulted in the double bands, which 
suggests that the proteins might not get cleaved completely and that the double bands 
correspond to the His6-tagged protein and non-tagged protein, respectively. This 
hypothesis was confirmed by applying the proteins with double bands through the His-
Trap column and subsequent identification of reduced abundance in the band of higher 
molecular weight. Unexpectedly, the mutant proteins appear exclusively in lower 
oligomeric states, in contrast to the wide-type proteins that predominantly exist in higher 
oligomeric states. To avoid the problem caused by TEV treatment, the mutant protein 
L8H2-Q758A was further investigated without performing the TEV cleavage step and 
purified as single monomeric species with relatively high purity. However, initial 
crystallization screening of the purified L8H2-Q758A protein has not been successful. 
 
In the future, to obtain higher quality hybrid proteins with better purity for crystallization 
purposes, the cDNA construct of L8H2-Q758A can be cloned into the vector pMSCG10, in 
VI.	  Protein	  purification	  of	  flax	  NLR	  LRR	  domains	  
	   129	  
which the protein will be expressed with both an N-terminal His6 tag and a GST tag. Then 
two steps of affinity chromatography can be performed before TEV prorease treatment 
overnight to remove the His6 tag plus the GST tag. The cleaved protein samples will be 
reapplied onto both the His-Trap column and the GST column to ensure complete removal 
of cut-off tags and uncut proteins before further purification using gel filtration. The effect 
of the mutation Q758A on the oligomerization state of the L8 hybrid proteins indicates the 
role of the C-terminal region of the L8 LRR domain in oligomerization. Replacement of the 
LRRCT of the L8H2 hybrid protein with the LRRCT from InlA (Schubert et al., 2002) or 
repebody (Lee et al., 2012b) can also be trialed to purify single monomer species of L8 
hybrid proteins and increase the crystallizability. Other plant resistance proteins that have 
short LRR regions can also be tested for protein purification and crystallization in order to 
tap the full potential of the established LRR hybrid strategy. 
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7.1 Overview 
 
The overall aim of this thesis was to investigate the underlying mechanisms of effector 
virulence function, effector recognition by plant NLRs, and NLR signalling in the flax/flax-
rust model system and the Arabidopsis paired NLR RRS1/RPS4 system. 
 
To investigate the virulence functions of the flax rust effector protein AvrL567-A, I 
crystallized and determined the structure of LuCKX1.1, a flax host target of AvrL567-A. 
LuCKX1.1 is a cytosolic cytokinin oxidase. End-point assays and kinetic assays in vitro 
demonstrate that LuCKX1.1 takes 2iP and tZ as preferential substrates and the presence 
of AvrL567-A increases the enzyme activity of LuCKX1.1. Docking studies were performed 
to investigate the interaction interface and suggest that AvrL567-A binds in the vicinity of 
the opening of the LuCKX1.1 substrate channel, which may explain the observed changes 
in enzyme activity. 
 
Using the LRR hybrid strategy involving fusion of InlA LRR modules, soluble hybrid 
proteins of the LRR domains from flax NLR L6 and L8 have been obtained. Fusion of the 
LRRNT and the following two LRR modules of InlA did not produce soluble hybrid 
proteins. However, fusion of the LRRNT and the following eight LRR modules of InlA 
facilitated the production of soluble hybrid proteins. Hybrid proteins containing six L6 LRR 
modules and eight L8 LRR modules expressed well and were obtained with high purities. 
The hybrid proteins exist predominantly as oligomeric species. Interestingly, a single-
residue mutation Q758A at the C-terminus of the L8 LRR domain caused the L8 hybrid 
proteins to behave as monomers. These results demonstrated that the LRR hybrid 
technique could be applied to facilitate the expression and purification of the LRR domains 
of plant NLRs. 
 
The RRS1 TIR domain was successfully crystallized and the crystals were subjected to X-
ray diffraction analysis (Wan et al., 2013).  RRS1 has an atypical TIR domain with shorter 
α-D helical region compared with the TIR domains of RPS4 and the flax NLR L6. The 
structure of the RRS1 TIR domain was determined using a combination MR and SAD 
(Williams et al., 2014). Structure-guided mutations in the RRS1 TIR domain were 
generated and shown to affect its heterodimeriztion with the RPS4 TIR domain. 
Collaborative structural and functional studies suggest that the TIR domain 
heterodimerization is required to form a functional RRS1/RPS4 complex for effector 
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recognition and that activation would release the inhibition by the RRS1 TIR domain to 
allow the homodimerization and signalling of the RPS4 TIR domain (Williams et al., 2014).  
 
 
7.2 Plant CKXs and the virulence function of the fungal effector AvrL567-A 
 
7.2.1 Structures and enzyme activities of plant CKXs 
 
In plants, CKXs are encoded by multigenic families with varying numbers of genes. For 
instance, there are seven genes coding for cytokinin oxidases (AtCKX1– AtCKX7) in the 
Arabidopsis genome, 13 genes of cytokinin oxidases (ZmCKX1–ZmCKX13) in the maize 
genome and at least 11 genes of cytokinin oxidases (OsCKX1–OsCKX11) in the rice 
genome (Ashikari et al., 2005; Schmulling et al., 2003; Vyroubalova et al., 2009). CKXs 
are relatively well characterized in Arabidopsis and maize. The CKX genes in Arabidopsis 
and maize exhibit different tissue specificities and transcriptional profiles, while their 
protein products differ in terms of subcellular localizations, enzymatic activities, and 
substrate specificities (Kowalska et al., 2010; Schmulling et al., 2003; Smehilova et al., 
2009). The Arabidopsis AtCKX7 and maize ZmCKX10 have been shown to localize to the 
plant cytosol (Kowalska et al., 2010; Smehilova et al., 2009). Sequence analyses reveal 
that the sequence identity between the cytosolic AtCKX7 and LuCKX1.1 (60%) is much 
higher than that between the cytosolic AtCKX7 and the Arabidopsis secreted AtCKX2 
(40%).  Similarly, the sequence identity between the cytosolic ZmCKX10 and LuCKX1.1 
(52%) is also higher than that between the cytosolic ZmCKX10 and the maize secreted 
ZmCKX1 (39%).  This may suggest that CKXs from different plant species but with the 
same subcellular localization share similar enzymatic activities and substrate specificities. 
For example, the secreted ZmCKX1 and AtCKX2 have been shown to exhibit higher 
enzyme activities than their corresponding cytosolic orthologs ZmCKX10 and AtCKX7, 
respectively (Kowalska et al., 2010; Smehilova et al., 2009). However, there also are 
obvious differences among CKXs with the same subcellular localization in terms of 
enzyme activity and substrate specificity. For instance, the cytosolic ZmCKX10 and 
AtCKX7 preferentially degrade cZ (Kollmer et al., 2014; Kowalska et al., 2010), but 
LuCKX1.1 does not degrade cZ. The residues important for substrate binding proposed in 
the active site of ZmCKX1 are conserved in AtCKX7 and LuCKX1, including Asp168, 
Glu281, Val365, Glu369, Trp384, Pro413, Leu446, and Leu483 in LuCKX1.1 (Malito et al., 
2004). These results indicate that the polymorphisms of other residues around the active 
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site could determine the differences in enzyme activities and substrate specificities of plant 
CKXs. 
 
 
7.2.2 Plant CKXs and plant morphology 
 
The plant hormones cytokinins regulate cell division and plant development. Imbalanced 
cytokinin levels in vivo have been shown to affect plant morphology (Igari et al., 2008). 
Activity changes in plant CKXs can cause a decrease or increase of cytokinin 
concentrations, leading to altered plant morphology. In this study, kinetic assays 
demonstrated that the presence of AvrL567-A increases the enzyme activity of LuCKX1.1. 
Jeff Ellis’ group made transgenic flax plants that overexpressed the AvrL567 variants A, B, 
C and D. Transgenic AvrL567-A and AvrL567-D plants adopt a dwarfed phenotype with 
larger root systems and curly leaves compared to the wild-type plants, while AvrL567-B 
and AvrL567-C plants do not exhibit any obvious phenotypes (data now shown). The 
occurrence of the dwarfed phenotype correlates very well with the yeast-2-hybrid assays 
that show LuCKX1.1 interacts with AvrL567-A and D, but not AvrL567-B or C (data not 
shown). Interestingly, the dwarfed phenotype with larger root systems of transgenic 
AvrL567-A flax plants coincides with the similar phenotype of rice plants caused by 
activation of the rice cytosolic OsCKX4 (Gao et al., 2014). In the OsCKX4-activation rice 
plants, reduced levels were detected in a range of cytokinin types, including dihydrozeatin 
(DHZ), cytokinin ribosomes (especially isopentenyl adenosine (iPR)), isopentenyladenine-
9-glucoside (iP9G), and trans-zeatin-9-glucoside (tZ9G) (Gao et al., 2014). OsCKX4 is 
physically targeted by the auxin response factor (OsARF25) and the cytokinin response 
regulators ORR2 and ORR3, and integrates cytokinin and auxin signalling to positively 
regulate rice crown root initiation and development (Gao et al., 2014). In the transgenic 
AvrL567-A flax plants, activation of the cytosolic LuCKX1.1 could utilize similar 
mechanisms and result in the dwarfed phenotype with larger root systems. However, the 
cytosolic AtCKX7 and ZmCKX10 were shown to negatively regulate root development, as 
overexpression of AtCKX7 and ZmCKX10 resulted in retarded root formation and shorter 
root systems (Kollmer et al., 2014; Smehilova et al., 2009). AtCKX7 and ZmCKX7 have 
been shown to preferentially degrade cZ. Overexpression of AtCKX7 in plants resulted in 
the most significant reduction in cZ and N-glucoside cytokinins (Kollmer et al., 2014). 
LuCKX1.1, however, does not catalyse the oxidation of cZ. Thus, activation of LuCKX1.1 
in AvrL567-A flax plants would deplete other cytokinin types much more significantly than 
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cZ. Whether OsCKX4 preferentially degrades cZ has not been characterized and the 
reduction of cZ was not reported in OsCKX4-activation rice plants (Gao et al., 2014). The 
secreted ZmCKX1 degrades tZ, iP, and iPR much more effectively than cZ (Smehilova et 
al., 2009). Overexpression of the secreted ZmCKX1 gene led to faster root formation and 
more robust root systems (Smehilova et al., 2009), similar to the activation of OsCKX4 and 
LuCKX1.1. These results suggest that plant CKXs may control root development by 
regulating both the overall cytokinin levels and the relative concentration of cZ against 
other cytokinin types. 
 
 
7.2.3 Manipulation of cytokinins by pathogen infections 
 
In this thesis, the fungal effector protein AvrL567-A was shown to increase the enzyme 
activity of flax cytokinin oxidase LuCKX1.1 in vitro. During infection, secretion of AvrL567-
A into flax cells may activate LuCKX1.1 and cause a reduction of cytokinin levels in plants. 
Cytokinins are not unique to plants. Pathogenic microbes can also produce cytokinin 
analogues and secrete cytokinins into plants, which then gives rise to the photo-
synthetically active tissues surrounding the pathogen infection sites known as green 
islands for nutrient acquisition (Naseem et al., 2014). Blast infection of rice seedlings was 
demonstrated to increase the concentration of 2iP by secretion of the cytokinin, probably 
to facilitate nutrient acquisition (Jiang et al., 2013). Rice plants, on the other hand, sense 
the increase of 2iP levels as an infection signal and activate defence reactions through a 
synergistic action with the plant defence hormone SA (Jiang et al., 2013). Pathogens that 
do not produce cyotokinins have been shown to manipulate endogenous cytokinin levels 
by modulating plant cytokinin biosynthesis or expression of plant CKX genes. Verticillium 
longisporum, a hemibiotrophic fungus of Arabidopsis, induces a subset of host CKX genes 
and decreases the levels of tZ to assist disease development (Reusche et al., 2013). 
Interestingly, constitutive activation of an Arabidopsis R protein UNI leads to up-regulation 
of pathogenesis-related genes via accumulation of SA, tZ and tZ conjugates (Igari et al., 
2008). Exogenously supplied tZ enhances the basal resistance of Arabidopsis against 
Pseudomonas syringae by modulating SA signalling and induction of several 
pathogenesis-related genes (Choi et al., 2010). Exogenous tZ has been shown to be more 
active than cZ in promoting disease resistance (Grosskinsky et al., 2013). The 
Pseudomonas syringae effector HopQ1 was shown to induce increased levels of several 
cytokinins including 2iP, tZ and cZ, and to up-regulate cytokinin-responsive genes in 
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plants, which is dependent on HopQ1’s nucleotide hydrolase activity of converting inactive 
cytokinin nucleotides into active forms (Hann et al., 2013). Increased cytokinin levels by 
HopQ1 could repress accumulation of FLS2, a plant cell-surface pattern-recognition 
receptor, and interfere with the PTI response. These studies suggest that pathogen 
infections could either down-regulate or up-regulate cytokinin levels in plants to interfere 
with plant immunity. Taken together it is therefore conceivable that secretion of the effector 
AvrL567-A into plant cell by flax rust may down-regulate a subset of cytokinins to subvert 
the plant immune response. 
 
 
7.2.4 Structural basis of LuCKX1.1-AvrL567 interaction 
 
Yeast-2-hybrid assays showed that a 68-residue peptide (iA1.1) of LuCKX1.1 can interact 
with AvrL567-A. In the crystal structure of LuCKX1.1, the iA1.1 sequence contributes to 
two surface-exposed regions, surface 1 and surface 2 (Figure 5.10). Sequence alignments 
between interacting AvrL567 variants and non-interacting AvrL567 variants reveal three 
major polymorphic regions, and suggest that polymorphic region 1 and/or the N-terminal 
region of AvrL567 is involved in the interaction (Figure 5.11). Docking studies provide 
some molecular details of how AvrL567 may bind to the surface 1 of LuCKX1.1 via the 
polymorphic region 1 (Figure 5.12). Surface 1 is a loop region above the opening of the 
LuCKX1.1 substrate channel. Binding to the surface 1 of LuCKX1.1 could possibly explain 
the changed enzyme activity of LuCKX1.1 in the presence of AvrL567-A. The Arabidopsis 
AtCKX7 that represents the best sequence identity with LuCKX1.1 has been shown to not 
interact with AvrL567-A using yeast-2-hybrid by Jeff Ellis’ group (data not shown). The 
sequence alignments between LuCKX1.1 and AtCKX7 reveal polymorphisms in the 
surface 1 region (Figure 7.1), which further support the involvement of surface 1 in the 
interaction. In the future, interaction studies such as yeast-2-hybrid and GST pull-down 
assays involving only the surface 1 region should be performed to confirm its involvement 
in the interaction. 
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Figure 7.1 Sequence alignments of LuCKX1.1 and AtCKX7 in surface 1 and 2 regions. 
Surface 1 and surface 2 regions are underlined. Sequence alignments were performed 
using ClustalW , and the figure was prepared using ESPript. 
 
Residues in the polymorphic region 1 and polymorphic region 2 have been shown to be 
involved in the interaction between the effector AvrL567 and the cognate plant NLRs L5, 
L6 and L7 and initiate cell death signalling (Wang et al., 2007). The AvrL567 variants A, F, 
L and J have similar interaction specificities with L5, L6 and L7, while other variants have 
different interaction specificities (Wang et al., 2007). Jeff Ellis’ group performed yeast-2-
hybrid assays to investigate the interaction between LuCKX1.1 and 12 AvrL567 variants, 
which showed that A, D, F, J, and H variants interact with LuCKX1.1, while other variants 
do not (data not shown). The polymorphic region 1 in AvrL567 could evolve under 
selection pressure to keep interacting with LuCKX1.1 for virulence function and avoid 
interacting with L5, L6 and L7 to escape from the plant immune response. The 
involvement of the polymorphic region 1 in both interactions may explain the overlaps (the 
AvrL567-A, F, and J variants) between the variants that interact with LuCKX1.1 and the 
ones with similar interaction specificities with L5, L6 and L7. AvrL567 variants C, E, G, K 
and I escaped from recognition by L5, L6 and L7, and lost interaction with LuCKX1.1 as 
well. From the pathogen’s perspective, AvrL567-H represents the most successfully 
evolved effector, which avoids detection by L5, L6 and L7, but keeps interacting with 
LuCKX1.1. Mutational studies in the polymorphic region 1 should be performed in the 
future to further confirm its interaction with LuCKX1.1. 
 
 
7.3 Oligomerization analyses of flax NLR LRR domains  
 
To date, no biochemical studies or structural insights have been reported on the 
oligomerization states of the LRR domain from plant NLRs. Some perspectives can be 
gained from the crystal structure of the C-terminal LRR domain from human NLRX1 
(cNLRX1) (Hong et al., 2012). The cNLRX1 protein eluted at two major peaks (monomer 
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and hexamer) and one minor peak (dimer). The structure of the NLRX1 LRR domain 
reveals a three-subdomain architecture with an N-terminal α-helical domain (LRRNT), 
central LRR modules (LRRM), and C-terminal three-helix bundle (LRRCT). Symmetrical 
interaction via the LRRCT from two molecules and the interaction between the LRRCT 
from one molecule and the LRRM from the other molecule mediate the dimerization of 
cNLRX1. The LRRNTs from three molecules are intertwined to arrange the cNLRX1 
dimers into a hexamer. The L6 and L8 hybrid proteins with InlA fused to the N-termini did 
not contain the original LRRNT from L6 or L8. Sequence alignments of L6 and L8 LRR 
modules (Figure 6.3) reveal a short LRRCT sequence that should not resemble the three-
helix bundle LRRCT in NLRX1. However, the effect of L8 Q578A mutation within the 
second last LRR module does indicate the role of the C-terminus of L8 LRR domain in 
oligomerization. The crystal structure of mouse mNLRC4 reveals that the first two LRR 
modules and the LRRCT of a short flexible region are involved in the interaction with the 
NOD domain and sequester the mNLRC4 in a monomeric and inactivated state. Other 
inter-subdomain interactions within the NOD domain are also involved in the auto-
inhibition of mNLRC4 (Hu et al., 2013). Based on these studies, it is tempting to speculate 
that activation of NLR could lead to oligomerization through both the NOD domain and the 
LRR domain, and specifically the C-terminus of the LRR domain could be involved in the 
oligomerization. 
 
 
7.4 Signalling by the TIR domains of plant NLRs 
 
7.4.1 Conserved dimerization interface in the plant TIR domains  
 
The determined crystal structures of RRS1 TIR domain, RPS4 TIR domain and 
RRS1/RPS4 TIR-TIR complex reveal a conserved dimerization interface mainly involving 
αA and αE helices (Williams et al., 2014). In the core of the interface, adjacent serine and 
histidine residues (the SH motif) in the αA helices from both molecules provide 
complementary stacking and hydrogen-bonding interactions, respectively. Sequence 
alignments using 150 unique plant TIR domain sequences reveal a high conservation of 
the SH motifs in the interface (Williams et al., 2014). Some plant TIR domains contain an 
SF motif or DF motif instead of the SH motif. The interface is also observed in crystal 
contacts of AtTIR, which has an SF motif (Chan et al., 2010). Our research team 
determined the crystal structure of the TIR domain of Arabidopsis NLR SNC1, which again 
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revealed a similar interface with a SH motif (data no shown). This interface was not 
observed in the crystal contacts of the L6 TIR domain. L6 TIR domain contains a DF motif 
instead of the SH motif in this interface of αA and αE helixes. However, our research team 
generated alanine mutations of the DF motif in the L6 TIR domain. The mutations were 
demonstrated to reduce the self-association of the L6 TIR domain and abolish its 
autoactivity (data now shown). These results suggest that the dimerization interface is 
conserved in plant TIR domains. 
 
 
7.4.2 Auto-inhibition of singling by the TIR domains in plant NLRs 
 
To prevent defense signaling in the absence of pathogen effectors, the TIR domains of 
plant NLRs must be negatively regulated. In the paired RRS1/RPS4 system, RRS1 and 
RPS4 form a heterodimer complex through interactions via the TIR domains and other 
domains. Dimerization of the RPS4 TIR domain is required and sufficient for triggering HR. 
RRS1 TIR domain inhibits the signalling through interaction with RPS4 TIR domain via the 
conserved interface featuring the SH motif, which prevents the dimerization of the RPS4 
TIR domain (Williams et al., 2014). 
 
In flax NLRs L6 and L7, the NB-ARC domain has been shown to inhibit the self-
association and autoactivity of the TIR domain (Bernoux et al., 2011). A stronger inhibition 
effect was observed in L7, suggesting a stronger inhibitory interaction between the TIR 
domain and the NB-ARC domain. The L6 and L7 proteins differ only in the TIR domain 
and have similar recognition specificities, but with L7 mediating weaker HR (Dodds et al., 
2006; Wang et al., 2007). Seven of the ten amino-acid differences between the L6 and L7 
TIR domains are located in the αA helix, αE helix, and the EE loop (Bernoux et al., 2011). 
These structural elements mainly constitute the interface featuring the DF motif, which was 
shown to affect self-association and autoactivity of the L6 TIR domain. The L7 TIR domain 
maintains the integrity of the DF motif. The L7 TIR domain is just as auto-active as the L6 
TIR domain and is also able to self-associate in yeast (Bernoux et al., 2011). The NB-ARC 
domains of L6 and L7 could possibly associate with this interface of their TIR domains to 
prevent the dimerization and signalling. The stronger interaction between the TIR and NB-
ARC domains in L7 may attenuate the recognition of the effector AvrL567 by the NB-ARC-
LRR region and result in weaker HR, in comparison with L6 (Bernoux et al., 2011). These 
results suggest that inhibition of the TIR domain signalling via the conserved dimerization 
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interface featuring the SH motif might exist in both systems involving single NLRs and 
paired NLRs. Structure determination of a construct consisting of both the TIR and NB-
ARC domains will be required to elucidate the inhibitory mechanism. 
 
 
7.4.3 Analyses of the TIR domains of paired NLRs in Arabidopsis 
 
RRS1 contains an atypical TIR domain with a deletion in the αD helical region. The RRS1 
TIR domain is not auto-active, as transient expression of the RRS1 TIR domain in N. 
tabacum does not trigger HR (Williams et al., 2014). In the paired RPS4-RRS1 system, the 
RRS1 TIR domain functions in an auto-inhibitory mechanism to prevent the signalling of 
the RPS4 TIR domain. Including the paired RPS4-RRS1, there are nine divergently 
transcribed NLR pairs in Arabidopsis (Figure 7.2) (Narusaka et al., 2009). To investigate 
the RRS1-like atypical TIR domains in paired NLRs, sequence alignments were performed 
and revealed that, in all cases, one of a pair has a TIR domain that resembles the RPS4 
TIR domain (Figure 7.3). This group of RPS4-like TIR domains maintains the integrity of 
the SH motif, with the exception of NLR protein of AT2G17060. The other one of a pair 
has a TIR domain with deletions in regions that correspond to the αD helical region and 
the BB loop of the RPS4 TIR domain (Figure 7.4). Mutational studies on the TIR domains 
of RPS4 and L6 indicated that the residues in the αD helical region or the BB loop are 
important for defense signalling (Bernoux et al., 2011; Swiderski et al., 2009). Deletions in 
these regions could lead to the loss of auto-activity of the TIR domains. This group of 
RRS1-like TIR domains maintains the integrity of the SH motif. The TIR domain of 
AT5G45050 shares the highest sequence identity (63%) with the RRS1 TIR domain and 
harbors similar deletions in the αD helical region. The NLR protein of AT5G45050 contains 
a WRKY domain at the C-terminus similar to RRS1. There are three WRKY-domain 
containing NLRs. The third one is the NLR protein of AT4G12020, which has deletions in 
both the αD helical region and the BB loop. The WRKY transcription factors are involved in 
disease resistance and stress responses (Bakshi and Oelmuller, 2014). RRS1 WRKY 
domain has DNA binding activity and a single amino-acid insertion that abolishes its DNA 
binding activity leads to autoactivity of defense signalling (Noutoshi et al., 2005). In the 
paired NLR RPS4/RRS1 system, the WRKY domain of RRS1 is suggested to be the 
effector target that is monitored by AvrRPS4 and PopP2 (Nishimura and Dangl, 2014).  
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The TIR domains of some plant NLRs have been shown to be auto-active, while some are 
not (Swiderski et al., 2009). In addition to the RPS4-RRS1 pair, the TIR domains of the 
pair At4G19530-At4G19520 have been shown to be auto-active and not auto-active, 
respectively (Swiderski et al., 2009). Based on these results, I conclude that, in a pair of 
NLRs, the RRS1-like TIR domain is likely not auto-active and may inhibit the signalling 
activity of the RPS4-like TIR domain via the conserved dimerization interface featuring the 
SH motif.  
 
 
 
Figure 7.2 Conserved NLR-gene pairs in the Arabidopsis genome. The homologs of 
RRS1 are physically paired, in a head-to-head orientation, with the corresponding 
homologs of RPS4. The orientation of the genes is indicated by arrows. The distance 
between start codons is indicated in brackets. The position of the WRKY domain, if 
applicable, is shown with a ‘W’. This figure is taken from (Narusaka et al., 2009). 
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Figure 7.3 Sequence alignments of RPS4-like TIR domains in Arabidopsis NLR-pairs. The 
alignments were performed using ClustalW (Larkin et al., 2007) and the figure was 
prepared using ESPript (Gouet et al., 2003). 
 
 
 
Figure 7.4 Sequence alignments of RRS1-like TIR domains in Arabidopsis NLR-pairs. The 
alignments were performed using ClustalW (Larkin et al., 2007) and the figure was 
prepared using ESPript (Gouet et al., 2003). 
 
 
7.5 Research significances and potential practical applications 
 
One of the major advances achieved in this thesis is the characterization of the molecular 
basis of the virulence function of the flax-rust effector AvrL567-A. AvrL567-A was shown to 
directly target the flax cytokinin oxidase LuCKX1.1 at the opening of the substrate channel, 
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enhance its enzyme activity and down-regulate a subset of cytokinins to potentially 
suppress plant immunity. This study contributes to the currently limited knowledge on the 
virulence functions of fungal effectors and provides the first evidence of pathogen effectors 
directly targeting plant CKXs to manipulate plant cytokinin levels. 
 
The other major advance of this thesis is the characterization of the structural basis for 
assembly and function of the plant NLR pair RPS4/RRS1. In this system, RPS4 and RRS1 
physically associate via the TIR domains and other domains to form a heterodimer. RRS1 
has been shown to directly recognize both the effectors AvrRPS4 and PopP2. Effector 
recognition triggers conformational changes, which abolishes the negative regulation of 
the RRS1 TIR domain imposed on the RPS4 TIR domain and leads to homodimerization 
of the RPS4 TIR domain and activation of defense signalling. This study greatly advances 
the understanding of the activation and signalling mechanisms of the paired NLR systems 
and identifies a conserved interface in the TIR domains of plant NLRs required for 
homodimerization and defense signalling. 
 
Current knowledge on NLR-effector recognition specificities and NLR activation is limited, 
which renders the goal of engineering novel and broad-spectrum resistance not reachable 
at present. ETI mediated by plant NLRs can be highly effective against single pathogens 
and has been exploited in conventional and transgenic breeding programs to enhance 
resistance to crop diseases (Brutus and He, 2010). However, heterologous expression of 
plant NLR genes in a taxonomically distinct family triggers either no response or 
inappropriate auto-immunity responses due to restricted taxonomic functionality (RTF) (Tai 
et al., 1999), suggesting that the components involved in the auto-inhibition or activation or 
down-stream signaling of plant NLRs are family specific. Clear evidence of RTF comes 
from studies on pepper NLR gene Bs2 and Arabidopsis NLR gene RPS2 (Tai et al., 1999). 
However, the transfer of the paired NLR genes RPS4/RRS1 into several different families 
successfully overcame RTF (Narusaka et al., 2013). A striking difference between RPS2 
and the paired RRS1/RPS4 is the indirect and direct effector recognition mechanisms they 
use, respectively (Axtell and Staskawicz, 2003; Williams et al., 2014). Arabidopsis RPS2 
and the paired RPS4/RRS1 have been shown to be both signalling competent in Nicotiana 
benthamiana, even though they belong to the CNL and TNL classes of NLRs that employ 
different down-stream signalling components (Jacob et al., 2013; Maekawa et al., 2012; Qi 
and Innes, 2013).  Heterologous expression of RPS2 in Nicotiana benthamiana leads to 
autoactivity. Co-infiltration of Arabidopsis gene RIN4 that guards RPS2 in a resting state 
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was required to inhibit the autoactivity of RPS2, suggesting Nicotiana benthamiana does 
not have a functional orthologue of Arabidopsis gene RIN4 (Day et al., 2005). These facts 
may indicate that the down-stream signalling components are relatively more conserved 
for NLRs from different plant families and the main factors that cause RTF are the 
components involved in auto-inhibition and activation. Plant NLR genes that directly 
recognize cognate effector genes require less components involved in the auto-inhibition 
and activation and thus are more likely to function properly in other plant families. 
 
The successful interfamily transfer of the Arabidopsis paired RPS4/RRS1 indicates that 
the functional interfamily transfer of NLR genes can be a powerful strategy for providing 
resistance to a broad range of pathogens. Genetically modified crops carrying 
heterologous NLR genes can be generated to save crop yields against diseases. In 
conventional hybridization breeding, transfer of NLR genes among different genotypes of 
the same family has been employed. The transgenic approach enables the transfer of 
NLR genes among different families. Compared with the current genetically modified crops 
that constitutively express toxins, the major advantage of genetically modified crops 
carrying heterologous NLR genes is that the expression of NLR genes is tightly regulated 
and only induced upon pathogen infection. Therefore, the potential and controversial 
adverse effects due to intake of heterologous genes should be less obvious, which makes 
the genetically modified crops carrying heterologous NLR genes more secure.  
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